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Abstract 
Most previous studies on fern gametophytes have been conducted under 
laboratory conditions, leading some to question whether data from these studies 
accurately reflect gametophytes in nature. Our study compares laboratory cultured and 
field grown fern gametophytes of the same species. Results indicate few significant 
differences in morphology between laboratory cultured gametophytes and their field 
grown counterparts. The most consistent difference observed was the formation of 
archegonia and rhizoids on the dorsal surface of agar cultured gametophytes. Through 
alteration of laboratory growth conditions involving light orientation and relative 
humidity, dorsal archegonia were observed to result from translucence of the agar 
medium and high humidity within agar culture dishes. Both conditions yield a lowered 
differential between dorsal and ventral gametophyte surfaces relative to gametophytes on 
natural substrates. Our studies confirm the utility of studying gametophyte morphology in 
the laboratory. Characteristics of development, mature form, hairs, gametangial structure, 
etc. are sufficiently conserved to use in systematic studies and in field identification. By 
modifying culture conditions, the anomalous occurrence of archegonia on the dorsal 
surface can be reversed to produce gametophyte morphology in the laboratory that very 
closely resembles the morphology of gametophytes of the same species grown in nature. 
The use of laboratory cultures to predict breeding systems in nature raises the 
question of whether or not conclusions drawn from these studies accurately reflect what 
is occurring in nature. Some previous studies have found differences in sex ratios 
between laboratory and field populations.  We speculated that these differences were not 
necessarily a result of laboratory culture conditions, but instead result from the way in 
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which spores are typically sown onto culture media. Laboratory cultures are generally 
inoculated onto culture media in a single sowing of spores, whereas field populations 
may receive several successive innoculations of spores over the duration of spore release 
from source sporophytes. In order to replicate the multiple spore introductions of natural 
populations, we added spores to our laboratory cultures over a period of ten days, then 
determined sex ratios of the resulting populations. Results indicate that staggering the 
application of the spores onto the medium results in elevated male:female ratios that 
more accurately reflects the sex ratios of field populations. Other factors such as soil vs. 
agar medium and heterogeneous vs. flat media surfaces also increased the number of 
male gametophytes. Our results indicate that changes in standard laboratory protocol may 
be required to produce culture populations that accurately reflect sex ratios found in 
nature.   
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Introduction 
Pteridophytes are the second largest group of vascular plants after angiosperms 
and are of vital ecological importance, especially in tropical ecosystems throughout the 
world.  Despite their numbers and importance, pteridophytes remain one of the least 
understood groups with respect to their ecology.  One of the reasons for this is because 
many of the important aspects of their life histories, especially those pertaining to the 
gametophyte stage, are cryptic and largely unknown.    
Sexually reproducing ferns and other pteridophyte groups are unique among land 
plants in that they possess two independent, free living, generations; the large diploid, 
spore-producing “sporophyte” and the small, haploid, gamete-producing “gametophyte,” 
the latter in most cases being finger-nail sized or smaller.  The gametophyte stage of the 
fern life cycle is responsible for the breeding behavior of the organism as well as the 
determination of where the sporophyte stage of the life cycle will exist.  Knowledge of 
the fern gametophyte is essential to understanding fern ecology and reproductive biology, 
and gametophyte morphology has been used in determining systematic and phylogenetic 
relationships as well (Pryer et al., 1995).   
Despite its importance to the understanding of the biology, ecology, and evolution 
of the fern, the gametophyte generation has been understudied in its natural habitat 
(Dassler and Farrar, 1997).  Fern gametophytes have been the subjects of a substantial 
number of studies in laboratory cultures, but very little investigation has occurred in the 
field with wild-grown gametophytes.  This is undoubtedly due in large part to the 
difficulties that field investigations into fern gametophytes pose as well as the relative 
ease of collecting fern spores and culturing gametophytes from them.   Further 
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discouraging potential fern gametophyte investigators was F.O. Bower’s opinion that the 
gametophyte phase was far too “plastic” in its development to be worthwhile studying for 
fern systematics (Bower, 1923).   
The investigations described in the following chapters began with a simple 
discussion about the utility of studying fern gametophytes in the laboratory.  Previous 
fern gametophyte researchers  such as Stokey (1951), Atkinson (1973), Nayar and Kaur 
(1971), as well as several others, had amassed a great deal of gametophyte morphological 
data, while researchers such as Naf (1967), Raghavan (1989), and others had conducted 
research on antheridiogen and other chemical interactions in fern gametophytes.  Though 
there has been a fair amount of fern gametophyte studies conducted in the laboratory, 
there have not been direct comparisons between laboratory-grown and field-grown 
gametophytes to determine if they do indeed possess the same qualities.  It was evident to 
me that this was something that deserved investigation.   
To completely understand ferns, one must understand the importance of the fern 
gametophyte.  Though there is a wealth of knowledge collected from fern gametophytes 
in the laboratory, there is little information about the morphology, breeding behavior, and 
ecology of fern gametophytes in the wild.  All of the studies on laboratory cultured 
gametophytes make a critical assumption: the assumption that the processes and 
characteristics observed in the laboratory cultures are an indication of what occurs in 
nature.    However, there have been very few combined field and laboratory studies to test 
this assumption.   There has also been some speculation that conclusions drawn from 
culture studies may, in fact, not be representative of natural gametophyte populations, 
especially with regard to reproductive biology (Ranker and Houston, 2002).   It is 
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important that direct comparisons between laboratory and field gametophytes be made in 
order to determine the utility of laboratory studies on fern gametophytes in predicting 
behavior in nature. 
For the purposes of our studies, field collections of gametophytes were made in 
Costa Rica and Taiwan.  Gametophyte populations were identified and collected and 
spores from the same species were collected so they could be sown in the laboratory and 
gametophyte comparisons could be made.  Once collections from both laboratory and 
field were obtained from the same set of species, a series of morphological characters 
were identified and compared between the laboratory and field gametophytes of the same 
species.  Differences and similarities between the laboratory and field gametophytes were 
recorded and investigated further, when needed.    
Though the project started out as a direct comparison between laboratory and field 
gametophytes, it evolved into more than that over time.  After examining gametophytes 
in the laboratory, we noticed that several species of gametophytes were producing 
archegonia on the dorsal (air) side of the thallus, instead of on the ventral (substrate) side 
of the thallus.  In nature, it is rare to observe gametophytes producing archegonia on the 
top side of the thallus, yet it was occurring frequently under laboratory conditions.  
Further investigation to determine what specific laboratory conditions were causing this 
unusual behavior was necessary in order to determine whether or not laboratory 
conditions caused a change in behavior or to determine if this is an example that fern 
gametophyte morphology really is too “plastic” to be reliable (Bower, 1923).   
There are several laboratory conditions that differ from conditions in nature and 
may be the cause for the production of archegonia on the air side of the thallus.  Under 
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laboratory conditions, gametophytes are grown on translucent, homogeneous media in 
sterile (or nearly sterile) petri dishes.  They usually are placed under 24 hour fluorescent 
lighting and the temperature is held constant.  Humidity within the petri dishes is a 
constant 100%.  However, in nature all of these factors are subject to variability.  
Gametophytes can grow on a heterogeneous soil mixture, on tree branches, or bryophyte 
mats.  They can grow in an area that receives very little light.  Their substrate is a dark 
substrate that does not allow light to enter the gametophyte from the bottom (substrate) 
side of the gametophyte.  Humidity can vary widely between the substrate side of the 
gametophyte (higher humidity) and the air side of the gametophyte (lower humidity).  
There is no rhyme or reason to the position on the substrate on which the spore lands.  In 
nature, the spore simply floats through the air until it lands on a substrate.  If the substrate 
is suitable, then the spore will germinate into a gametophyte.  Gravity may have an affect 
on the gametophyte as well, depending on where the spore happens to land.   
Early in our investigation, research from Ranker and Houston (2002) was 
published that provided evidence that sex ratios in fern gametophyte populations in the 
laboratory may not be representative of population sex ratios in the field.   Their field 
populations of gametophytes had a higher ratio of males to females than did the 
laboratory cultures.   The study conducted by Ranker and Houston included a direct 
comparison between laboratory and field gametophytes, using naturally occurring 
gametophyte populations and populations created under standard laboratory sowing and 
culture conditions.  Keeping in mind the evidence they provided, we developed 
hypotheses to explain this discrepancy and decided to test these experimentally in the 
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laboratory to see if we could replicate the higher number of males in the population by 
altering some of the laboratory conditions to more accurately reflect conditions in nature.    
Fern gametophyte populations have a dynamic that is not always determined by 
chance.  In most species, the first spores to germinate will develop into female 
gametophytes (producing archegonia).  As these female gametophytes mature, they 
produce a pheromone called antheridiogen which is dispersed into the substrate, causing 
subsequent (newly germinated) gametophytes to develop into males (producing 
antheridia).   This behavior helps to promote cross-fertilization in the population.  The 
first gametophytes to germinate and mature will be female gametophytes, and those that 
germinate later and in close proximity will become males, providing sperm to fertilize the 
female.   
In typical laboratory cultures, all spores in the population are sown at the same 
time, so that the spores tend to germinate and grow into mature gametophytes at the same 
rate.  As a result, laboratory populations are comprised of equal-aged gametophytes.  
However, in nature it is unlikely that all spores would arrive in the population at the same 
time, as sporophytes release spores over a number of days or even weeks.   This leads to 
mixed age populations of gametophytes.   It is possible for some gametophytes to persist 
for several months in nature, so the mix of ages in any given population can be a very 
wide mixture of clearly mature “old age” gametophytes, newly-arrived spores, and 
everything in between.   
It was important for us to investigate this discrepancy in spore arrival to 
determine whether or not this might have an effect on population sex ratios.  It makes 
sense from a hypothetical view point that increasing the number of days that spores reach 
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the population would, in turn, increase the number of males in the population due to the 
interaction with antheridiogen.   We also investigated the effects of soil vs. agar as the 
gametophyte substrate, noting any effects on both morphology and sexual expression on 
the resulting populations.   
The remainder of the thesis is organized in the following fashion.  Chapter 1 
presents results of our study on the effects of light orientation, humidity, and gravity on 
the position and number of archegonia on gametophytes of Pteridium aquilinum.  It is 
written for publication in the American Fern Journal.   Chapter 2 presents results of our 
study on the effects of single vs. staggered sowings of spores on the sex ratios of 
resulting populations of Pteridium aquilinum.  It is written for publication in the 
American Journal of Botany.  Chapter 3 presents results of our study on direct 
comparison of the morphology of field-grown gametophytes and laboratory-grown 
gametophytes.  It is written for publication in the American Fern Journal.   
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Chapter 1          
Light orientation, humidity, and gravity effects on the sexual 
development of fern gametophytes. 
 
Introduction: 
 
 Hofmeister (1851) was the first to document the role of the fern gametophyte in 
reproduction.  The importance of his discovery triggered studies of gametophyte 
development by many botanists including two of the most influential morphologists at the 
time, Goebel (Organography of Plants, 1905) and F.O. Bower (The Ferns, 1923).  
Variation in culture condition and disparate choices of taxa studied led both to recognize 
and emphasize differences within and among species rather than the predictable patterns 
that were to emerge from further study.   
F.O. Bower (1923) made very clear his skepticism that fern gametophytes were of 
any use in telling the scientific community much of anything about fern taxonomy.  In 
fact, he stated that the fern gametophyte was simply “too plastic” to be of much use at all.  
Because of his influence among pteridologists of the time, this over-arching statement 
about the utility of the fern gametophyte caused many researchers to simply ignore the 
gametophyte phase of the fern life cycle and focus their attention instead on the fern 
sporophyte.  Alma Stokey (1951), however, believed (and showed through her thorough 
research) that the fern gametophyte was indeed useful, and in fact necessary for 
understanding ferns.  Her data showed that there were morphological characters found in 
fern gametophytes that were static within species and genera and useful for identification 
of the gametophyte.  Her work, as well as substantial work that followed (Nayar and 
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Kaur, 1971 and Atkinson, 1973), was conducted on laboratory-grown gametophytes.  
Because of the difficulty of studying fern gametophyte populations in the field, 
laboratory culture has become standard protocol for research on fern gametophyte 
development and morphology and for studies of reproductive biology.  However, 
questions are periodically raised as to whether these laboratory populations accurately 
reflect the behavior of individuals and populations found in nature.  Indeed, it is 
appropriate to ask whether the gametophytes we grow in the laboratory exhibit the same 
morphological and sexual characters found on gametophytes collected in natural 
populations.  Unfortunately, there has been very little investigation of fern gametophytes 
in the field and no one has carefully compared populations of gametophytes of the same 
species from the laboratory and the field to test whether the conclusions we draw from 
laboratory observations are relevant to natural populations of gametophytes.   
Through personal observation and communication with other fern gametophyte 
researchers, we have noticed several differences in gametophyte morphology between 
laboratory and field gametophytes.  One potentially significant discrepancy is in the 
position of the archegonia (female gametangia) on the gametophyte thallus (Figure 1).  In 
field collected gametophytes, archegonia have been observed only on the ventral side              
(= substrate side) of the thallus.  Presumably this is the condition most conducive to 
retaining sufficient moisture to allow swimming sperm to reach the archegonia.  
However, in the laboratory, archegonia can often be found on both the ventral and dorsal 
(= air side) of the thallus a condition that potentially could affect the number of 
archegonia available for fertilization.  What is the reason for this difference?  Is it 
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because we have not observed enough fern gametophytes from natural populations?   Or, 
do conditions of laboratory culture lead to this difference in archegonial position?   
 We formulated two hypotheses of possible causes for the discrepancy of 
archegonial position between the laboratory and field gametophytes.  The first hypothesis 
is that light direction may influence the position of the archegonia.  Gametophytes in the 
field grow on various surfaces (flat soil, sloping soil, tree trunks and branches, etc.) and 
angles, but they have a sharp differentiation of a light side and a dark side.  In the 
laboratory where the gametophytes are grown on nutrient agar medium that is 
translucent, diffuse light also reaches the underside of the gametophyte.  From these 
observations we hypothesized that increasing the light reaching the ventral side of the 
gametophyte would increase the number of archegonia produced on the dorsal side of the 
thallus and that this would be unaffected by orientation with respect to gravity.     
 Our second hypothesis was that the level of humidity may influence the position 
of the archegonia on the gametophyte thallus.  In the field, humidity on the dorsal side of 
the thallus fluctuates with weather conditions.  The ventral of the field gametophyte 
would have a higher humidity because air and moisture are trapped between the thallus 
and the substrate.  However, in the laboratory, the gametophytes are grown in covered 
petri dishes in which the humidity is continuously near 100%.  In the laboratory, there is 
no difference in humidity between the top and bottom sides of the thallus.  This high 
level of humidity on the dorsal side of the thallus (or absence of a strong differential 
humidity between dorsal and ventral sides) may cause production of archegonia on the 
dorsal side of the thallus in the laboratory cultures.  
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Underlying these hypotheses was the assumption that these differences in 
direction of light and differences in levels in humidity between the laboratory and nature 
may be “confusing” the gametophyte’s ability to detect “up” and “down,” causing them 
to produce archegonia on both sides of the thallus.  Possibly normal polarity of the 
gametophytes is disrupted such that the two surfaces are not clearly distinguishable.   
Preliminary observations also indicated a possible difference in the total number of 
archegonia between culture-grown and natural gametophytes.  If this is true, agar-grown 
gametophytes may be imprecise predictors of sex ratios and breeding systems in nature.   
 
Figure 1:  Photographs exhibiting the production of archegonia and rhizoids on both the dorsal 
and ventral surfaces of the gametophyte.  All observations made on gametophytes in laboratory 
cultures.   A and C = Dryopteris subexaltata; B = Adiantum latifolium, and D = Adiantum 
petiolatum.   
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Materials and Methods: 
Gametophyte Culture 
 
Gametophytes were grown on Bold’s nutrient agar (Bold, 1957), Nitsch’s 
micronutrients (Nitsch, 1951), and ferric chloride (Farrar, 1974) and were kept under 
constant light at 3200 lux intensity (fluorescent lighting) and ambient laboratory 
temperature (21 degrees Celcius).  The gametophytes were grown in standard petri plates.  
Gametophytes were harvested 45 days after date of sowing.  All experiments were 
conducted using Pteridium aquilinum gametophytes.   
 
Light and Gravity 
 
Four treatments were designed to test effects of light direction vs. gravitational 
direction on the gametophytes.  In two treatments, culture plates were placed above the 
light source and in the other two treatments, cultures were placed below the light source.  
In each position, three plates were placed right side up and three plates were placed 
upside down with respect to gravity.  All petri plates were placed an equal distance from 
the light source.  The side of the petri plate facing away from the light source was 
covered with black construction paper in order to reduce light entering the translucent 
media from other sources.  The petri plates were sealed with strips of parafilm to retard 
moisture loss.  After 45 days, the plates were removed from their treatments, the 
gametophytes harvested and the numbers and position of archegonia on each thallus were 
recorded.  From each petri plate 10-20 female gametophytes (depending on the number 
available) were selected randomly.  The total number of gametophytes analyzed for each 
treatment ranged from 39 to 120.   
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Humidity 
  
 Four humidity treatments were tested.  All petri plates were placed inside a 
covered glass terrarium (50 x 25 x 30 cm) so that a relatively high humidity was 
maintained for all treatments (preliminary tests showed that leaving petri plates 
uncovered in ambient laboratory air caused quick dehydration of the media, not providing 
sufficient time for gametophytes to mature).  Inside the terrarium a covered clear plastic 
culture box (30 x 20 x 10 cm) was placed.  Culture plates with lids on and lids off were 
placed both inside the culture box and outside the box but still inside the covered 
terrarium.  This provided a humidity gradient where the lowest humidity treatment was 
outside the box with the lid off and the highest humidity treatment was inside the box 
with the lid on.  Precise measurements of humidity inside the closed petri dishes were not 
made, but it was assumed to be very nearly 100%.  Inside the terrarium, the humidity 
ranged from 86% to 94%; the average humidity inside the terrarium was 92.4%.   
 To maintain constant moisture inside the terrarium, after the experiment was 
started the lid was not removed from the terrarium.   After 45 days, the gametophytes 
were harvested and the number of archegonia on each thallus surface was recorded.   20 
female gametophytes were collected from each petri dish for a total of 60 gametophytes 
collected from each treatment (3 replicates per treatment).    
 
Soil vs. Agar Culture Medium 
 In order to determine if the culture medium in the laboratory could affect the 
position of the archegonia on the gametophyte thallus, we also compared agar cultures 
with gametophytes grown on soil in petri plates.  However, using a soil medium also 
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created the additional factor of media surface heterogeneity.  Typically soil surfaces are 
very heterogeneous, having small hills and valleys and air pockets, all of which could 
potentially have an effect on the germination rates and growth of the gametophytes.   In 
order to limit this heterogeneity as much as possible, we sifted the soil through soil sieves 
(size 100) to produce very fine soil particles that could easily be made into a slurry and 
left to dry to produce a flat surface similar to that of agar culture.   
Spores were sown onto the soil culture plates, the plates were covered, then all 
placed inside a plastic culture box and left to germinate and grow for 45 days.  Soil 
culture required occasional watering because the soil tended to dry out more quickly than 
agar.   
 Statistical analysis of the results were conducted using the SAS GLIMMIX 
procedure, using the Logit Link and assuming binomial data.  The GLIMMIX procedure 
is used to analyze general linear mixed models with random effects.  
 
Results: 
 
Light and Gravity 
 
 The side of the gametophyte opposite the light source (the darker side) produced 
the highest numbers of archegonia regardless of whether the “dark” side was the dorsal 
(air side) or ventral (substrate side) of the gametophyte and regardless of the orientation 
with respect to gravity (Table 1, Figure 2).   The fewest archegonia on the dorsal side 
and, the highest numbers of archegonia on the ventral side of the gametophyte, the side of 
the gametophyte facing away from the light source and toward the direction of gravity 
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were produced by plants grown right-side up below the lights (the “normal” position).   
The percent of gametophytes with archegonia on one side only also reflected these trends.   
Plants grown right-side up above the lights (light reversed, gravity normal) 
produced the fewest overall numbers of archegonia; most of these archegonia were on the 
dorsal side of the gametophyte, the side of the gametophyte facing away from the light 
source.  Plants grown upside down above the lights (light normal, gravity reversed) 
produced the highest overall numbers of archegonia; most of these archegonia were 
produced on the ventral side of the gametophyte, the side of the gametophyte facing away 
from the light source.  The total number of gametophytes per plant did not differ greatly 
among treatments.  
Treatment 
Average 
Number of 
Archegonia 
on Air Side  
Average 
Number of 
Archegonia on 
Substrate Side  
% Gametophytes 
w/ Archegonia 
only on Air Side 
% Gametophytes 
w/ Archegonia 
only on Substrate 
Side 
Total # 
Archegonia 
Light Normal, 
Gravity Normal 
(ASU-B) 2.98 18.95 0 19.2 21.93 
Light Normal, 
Gravity Reversed 
(ASD-A) 6.58 18.08 0 3.1 24.66 
Light Reversed, 
Gravity Normal  
(ASU-A) 13.79 5.33 38.5 0 19.13 
Light Reversed, 
Gravity Reversed 
(ASD-B) 17.31 6.46 42.6 4.2 23.77 
 
Table 1: Effect of light orientation and gravity on the position and numbers of archegonia per 
gametophytes of Pteridium aquilinum. Air side = morphologically dorsal surface.  ASU-B = air 
side up, below light; ASD-A = air side down, above light; ASU-A = air side up, above light; 
ASD-B = air side down, below light.  Results are an average of 3 replicates; n per replicate 
ranged from 11 to 40 individuals (20 individuals per plate were sampled where possible, but 
plates with an atypical gravity/light orientation produced fewer archegoniate gametophytes).   
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Pair-wise Comparisons Estimate P-Value Confidence Interval 
ASU-A to ASU-B 2.8018 <0.0001   2.3564 to 3.2473 
ASU-A to ASD-A 1.9761 <0.0001   1.5302 to 2.4220 
ASU-A to ASD-B -0.08697 0.7024  -0.5346 to 0.3607 
ASU-B to ASD-A -0.8257 0.0002  -1.2570 to -0.3944 
ASU-B to ASD-B -2.8888 <0.0001  -3.3219 to -2.4557 
ASD-A to ASD-B -2.0631 <0.0001  -2.4966 to -1.6295 
 
Table 2: Statistical analysis of pair-wise comparisons of the treatments testing differences in the 
percentage of archegonia on the air side of the thallus, using GLIMMIX procedure.  ASU-A is air 
side up above light source; ASU-B is air side up below light source; ASD-A is air side down 
above light source; ASD-B is air side down below light source.   ASU-A compared to ASD-B did 
not show a significant difference between the percentage of archegonia on the dorsal surface of 
the gametophyte.  All other comparisons exhibited significant differences.   
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Figure 2:  Effect of the direction of light and gravity on the position of archegonia on the 
gametophyte. RSU-A = air side right side up above light.  USD-A = air side upside down above 
the light.  RSU-B = air side right side up below light.  USD-B = air side upside down below light.   
 
 
Humidity 
 
Humidity is assumed to increase in treatments as listed from left to right in Table 
3 but because humidity was not measured inside closed petri dishes, the actual relation 
between the two intermediate conditions is unknown.  The number and percent of 
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archegonia per plant on the dorsal surface (air side) increased with increasing humidity 
(Figure 2, Tables 3 and 5).  The number and percent of archegonia produced on the 
ventral surface (substrate side) of the gametophyte decreased as the humidity increased.  
The total number of archegonia produced per plant (dorsal + ventral sides) also decreased 
with increasing humidity.  As the humidity in the treatment increased, the number of 
rhizoids produced on the dorsal surface of the gametophyte also increased from 1.8 per 
plant at the lowest humidity to 8.2 per plant at the highest humidity (Table 5). 
    
Outside 
Crisper, 
Cover 
Off 
Outside 
Crisper, 
Cover 
On 
Inside 
Crisper, 
Cover 
Off 
Inside 
Crisper, 
Cover 
On 
Dorsal Side         
  
# Archegonia 
(per plant) 0.57 0.42 2.55 3.97 
  
% Archegonia 
(of total 
Archegonia on 
plant) 1.5 1.4 10.4 32.3 
Ventral Side      
  
# Archegonia 
(per plant) 36.43 30.58 21.92 8.32 
  
% Archegonia 
(of total 
Archegonia on 
plant) 98.5 98.6 89.6 67.7 
Total       
  
Total # 
Archegonia per 
plant 37 31 24.47 12.28 
Rhizoids       
  
# Rhizoids on 
Dorsal Side per 
plant 2.12 2.12 9.85 15.07 
Three replicates of 20 gametophytes harvested per replicate  
(60 gametophytes total per treatment) 
 
Table 3:  The effect of humidity on the total number of archegonia produced, as well as the 
number of archegonia produced on the dorsal side of the gametophyte.  Humidity is presumed to 
increase from left to right in the table.   
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Pair-wise Comparisons Estimate P-Value Confidence Interval 
High to Low 3.6315 <0.0001  2.8592 to 4.4038 
High to Medium-High 1.3723 0.0002  0.6695 to 2.0751 
High to Medium-Low 3.6718 <0.0001  2.8781 to 4.4655 
Low to Medium-High -2.2592 <0.0001  -3.0343 to -1.4841 
Low to Medium-Low 0.04029 0.9264  -0.8181 to 0.8987 
Medium-High to Medium-Low 2.2995 <0.0001  1.5031 to 3.0959 
 
Table 4:  Statistical analysis of pair-wise comparisons testing the percentage of total archegonia 
on the air side of the thallus, using GLIMMIX procedure.  High = inside crisper, cover on; 
Medium-High = inside crisper, cover off; Medium-Low = outside crisper, cover on; Low = 
outside crisper, cover off.  Comparing Low to Medium-Low did not show a significant difference 
in the percentage of archegonia on the dorsal surface of the gametophytes.  The remaining pair-
wise comparisons in this analysis were significant. 
 
    
Outside 
Crisper, 
Cover Off 
Outside 
Crisper, 
Cover 
On 
Inside 
Crisper, 
Cover 
Off 
Inside 
Crisper, 
Cover 
On 
Dorsal Side         
  
Measurement from 
Apical Mound to first 
Archegonia (mm) 0.96 1.31 1.24 0.82 
  
# Archegonia on 
mound per plant 2.36 1.9 3 3.56 
  
% Archegonia on 
Dorsal side on mound 97.1 76 88.24 77.7 
Ventral Side      
  
Measurement from 
Apical Mound to first 
Archegonia (mm) 0.18 0.2 0.22 0.26 
  
# Archegonia on 
mound per plant 0.12 0 0.22 0 
  
% Archegonia on 
Ventral side on mound 0.29 0 0.95 0 
Three replicates of 20 gametophytes harvested per replicate  
(60 gametophytes total per treatment) 
Table 5: The effect of humidity on the distance of the archegonia from the apical notch, as well 
as the development of archegonial mounds on the gametophytes.  Humidity is presumed to 
increase from left to right in the table.   
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Distance of archegonia from apical notch and production of archegonial mounds: 
 
The distance from the apical notch to the first archegonium is generally greater on 
the dorsal surface of the gametophyte than it is on the ventral surface (Table 5) meaning 
that archegonia on the dorsal surface are further displaced from the apical notch than they 
are on the ventral surface.   
The production of accessory subtending mounds under individual archegonia is 
strongly associated with production of archegonia on the dorsal surface.  Very few such 
mounds are produced on the ventral surface.  There were no strong trends in the distance 
of archegonia from the apical notch or in production of archegonial mounds with increase 
in humidity.   
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Figure 3: Effects of humidity on position of archegonia on gametophyte thallus.   Humidity 
increases from left to right.   All cultures within a covered terrarium.  Higher humidity cultures 
also within culture box.  Lowest humidity ~90%.  Highest humidity ~100%.  Results are averages 
of three replicates for each treatment; n per replicate = 20 plants.   
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Soil vs. Agar 
 
Soil cultures differed significantly (Table 7) from agar culture controls in producing a 
high number of archegonia with nearly all archegonia being produced on the ventral 
surface (Table 6).  The number and position of archegonia on soil culture most closely 
resembled those on low humidity agar cultures.  The number of rhizoids produced on the 
dorsal surface of soil culture and agar controls was lower than the number produced in 
the highest humidity treatment and similar to the number produced under the lowest 
humidity treatment.   
 
Air Side Flat Soil Control 
High 
Humidity 
Low 
Humidity 
# Archegonia 0.6 2.98 3.97 0.57 
% Gametophytes w/ Archegonia 
on Air Side Only 0 0 3.33 0 
       
Agar Side Flat Soil Control 
High 
Humidity 
Low 
Humidity 
# Archegonia 48.02 18.95 8.32 40.93 
% Gametophytes w/ Archegonia 
on Agar Side Only 95.24 19.17 13.33 76.67 
          
Total # Archegonia per plant 48.08 21.93 12.3 41.5 
# Rhizoids on Air Side 1.41 0.63 8.2 1.81 
Flat Soil = three replicates with 21 gametophytes per replicate 
Control Agar = three replicates with 40 gametophytes per replicate 
High Humidity = three replicates with 20 gametophytes per replicate 
Low Humidity = three replicates with 20 gametophytes per replicate 
 
Table 6: Effects of soil media and humidity on number and placement of archegonia.and 
placement of rhizoids.  The soil treatments and agar control treatments are compared to results 
from agar cultures in the highest and lowest humidity treatments in Table 3.   Humidity in the 
Agar Control is similar to that in the Agar High Humidity.  Soil cultures retained much less 
moisture than agar cultures.   
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Pair-wise Comparisons Estimate P-Value Confidence Interval 
Flat Agar to Flat Soil 4.7796 <0.0001  3.7877 to 5.7715 
 
Table 7: Statistical analysis of pair-wise comparisons testing the percentage of total archegonia 
on the air side of the thallus, using the SAS GLIMMIX procedure.  The difference observed 
between Flat Agar and Flat Soil is significant. 
 
 
 
Discussion   
 
 As typically grown on a translucent agar medium in laboratory experiments, fern 
gametophytes usually produce archegonia on both dorsal and ventral surfaces of the 
thallus, whereas field-grown gametophytes seldom produce archegonia on the dorsal 
surface (Skelton, 2006).  Results presented here provide evidence that this abnormal 
position of archegonia on the gametophyte thallus is influenced by the differential 
exposure of the two sides of the gametophyte to light and humidity.   
When agar-cultured gametophytes are exposed to light from above or below and 
either right-side up or upside-down, gametophytes preferentially produce archegonia on 
the darker side of the thallus (the side of the thallus facing away from the light source 
regardless of whether that side is the dorsal (air) side or the ventral (substrate) side).   
Gametophytes cultured on soil produced very few archegonia on the dorsal surface, 
mimicking those observed in wild soil grown gametophytes.  The non-translucent soil 
substrate undoubtedly produces a much stronger differential in light received from the 
two sides of the thallus.  Together these results indicate that a strong differential in light 
incidence on the ventral and dorsal surface promotes archegonial formation on the ventral 
surface.  Production of some archegonia on the dorsal surface in agar-grown cultures 
likely results from a lowered differential in light incidence due to the translucence of the 
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medium allowing much greater light incidence on the gametophyte’s ventral surface than 
occurs in field-grown gametophytes.   
Comparisons of gametophytes grown upside-down vs. right-side up with the light 
direction held constant showed very little effect of gravity on the position and production 
of archegonia in fern gametophytes.  Because gametophytes in the field grow on 
substrates of all aspects (flat soil, sloping soil on trail and road cuts, tree trunks, rocky 
cliffs, etc.) it is not surprising that the effect of gravity on archegonial production is much 
less than the effect of light direction.  When light direction with respect to substrate was 
from the air side, gametophytes produced the highest numbers of archegonia on the side 
of the gametophyte that was darker regardless of whether that side was facing upwards or 
downwards.   
Our data also show a strong effect of humidity on both archegonial position and 
number.  As the humidity increased, the total number of archegonia produced decreased 
and a higher percentage of the archegonia were produced on the dorsal side of the thallus.  
As humidity decreased, the total number of archegonia produced increased, and fewer of 
these archegonia were produced on the dorsal side of the thallus.   Cultures grown on soil 
mimicked the low humidity agar cultures in position and number of archegonia. This may 
have been due to less water retention by the soil resulting in periodic low humidities.  It 
was necessary to add water to the soil cultures periodically to prevent them from dying 
whereas it was not necessary to add water to agar cultures.  Apparently either signal 
source (differential light or differential humidity) is adequate alone to trigger normal 
differentiation as evidenced by laboratory culture on a dark soil medium or in a low 
humidity environment.   
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Results from both light direction and humidity experiments suggest that a strong 
differential between the gametophyte’s two sides is necessary for normal archegonial 
production.  Such differentials may be the gametophyte’s mechanism for sensing polarity 
and the absence of these signals may lead disruption of normal development.  Further 
evidence of gametophyte disorientation in the absence of strong light or humidity 
differentials is the production of rhizoids on the dorsal surface in agar cultures whereas 
this is seldom observed in wild gametophytes.  Also, in normal sexual differentiation 
expansion of parenchymatous growth on the ventral surface produces an “archegonial 
cushion” in which archegonia are embedded.  Dorsally produced archegonia are not 
embedded in a continuous archegonial cushion but rather are often produced atop 
individual mounds or pseudoarchegonial cushions.  Dorsally produced archegonia also 
take longer to differentiate (are further from the apical notch), perhaps reflecting 
disorientation of development.    
In nature, the substrate side of the gametophyte generally is exposed to a higher 
humidity than the air side because the thallus itself traps moist air against the substrate.   
In laboratory agar cultures enclosed in petri dishes humidity is present on both sides of 
the thallus.   Likewise, in laboratory agar cultures, the light differential between thallus 
surfaces, because of the translucent medium, is much reduced relative to that of 
gametophytes in nature that are typically flattened against a dark substrate.   
In addition to causing virtually all archegonia to be produced on the ventral 
(normal) surface, low humidity treatments (soil and low humidity agar) caused 
gametophytes to produce many more archegonia per plant than the high-humidity 
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treatments.  This suggests that the gametophytes detecting normal polarity were also able 
to place more resources into production of archegonia.   
These data suggest that gametophytes in natural populations would likely produce 
higher numbers of archegonia than a population of gametophytes grown under traditional 
methods in the laboratory.    This may also affect population sex ratios and breeding 
systems of fern gametophytes in the wild.  If the amount of antheridiogen produced by a 
female gametophyte is correlated with the number of archegonia produced wild grown 
gametophytes could possibly produce more antheridiogen and more male gametophytes 
than cultured gametophytes, explaining, in part observations of a higher ratio of more 
male gametophytes in wild populations of gametophytes than obtained in laboratory 
cultured gametophytes of the same species. 
The ventral position of archegonia and rhizoids is of consequence to the survival 
of the gametophyte in nature and its production of a sporophyte.  In successful sexual 
reproduction, receptive archegonia open to release a sperm attractant.   Opening in liquid 
water is necessary for the attractant to be effective and to form a liquid path for sperm to 
swim to the egg cell.  The ventral surface of the thallus is more likely to trap sufficient 
liquid water for these processes to occur.  The ventral surface is also where rhizoids can 
most effectively perform their functions of absorption of water and minerals, and 
attachment of the gametophyte to the substrate.  This is also where the primary root of the 
new sporophyte can most quickly gain access to the soil.   
  We describe our standard method of gametophyte culture as typical of laboratory 
culture while realizing that different laboratories use variations of our method involving 
different formulae of mineral nutrients, different light and temperature regimes, and 
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different culture containers.  It will be important for laboratories using these variations to 
confirm our results and to expand these studies to additional species.  We believe that the 
relatively universal use of translucent agar media enclosed in small humid culture 
containers (petri dishes) will produce similar results, despite minor variations in methods.  
Our experiments do not address expression of qualitative genetically based 
characters such as the ability of a species to produce antheridiogen or the restricted ability 
of isolated gametophytes to produce sporophytes (isolate potential) (Peck et al., 1990) 
either through inability to attain bisexuality or to overcome expression of deleterious 
alleles in sporophytes (Klekowski, 1973) derived from intragametophytic selfing.  These 
issues could be addressed through experiments comparing results between typical agar 
cultures and cultures on soil or other opaque substrates or between typical agar cultures 
and agar cultures in reduced humidity.  Both of these “atypical” culture methods having 
resulted in archegonial numbers and position more similar to those in wild gametophytes.   
Neither do the experiments reported here address expression of morphological 
characters such as thallus shape, hair types, gametangial structure or gemmae production.  
A comparison of genetically based morphological characters in laboratory and field 
grown gametophytes of the same species will be presented in a subsequent paper.   
Light intensity and time of exposure may also be factors in causing differences 
between laboratory and wild gametophyte populations.  In laboratory cultures the light 
source is fluorescent bulbs often providing 24 hour light sources for the gametophyte 
populations.   Constant light exposure is not possible in natural populations, and light 
reaching most gametophyte populations is filtered and reflected.  It remains to be 
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determined whether this difference in light exposure has an effect on position and/or 
number of archegonia on the thallus or on the population sex ratios of fern gametophytes. 
It would also be valuable to conduct these studies on additional species of fern 
gametophytes to determine if the same trends are observed in other species.  It would be 
especially valuable to study the effect of light duration and intensity.  It would also be 
valuable to investigate antheridiogen production as it relates to light and humidity, and to 
the number of archegonia produced per gametophyte.  Despite the remaining questions, 
results of the studies presented here provide ample reason for skepticism regarding 
laboratory derived predictions of reproductive behavior of fern gametophytes in nature.   
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Chapter 2 
Sex ratios of fern gametophyte populations resulting from  
single vs. staggered spore sowings. 
 
Introduction: 
 
Pteridophytes are the second most diverse group of vascular plants after 
angiosperms.  They are organisms of vital ecological importance, especially in tropical 
ecosystems throughout the world.  Despite their importance in these systems, 
pteridophytes as a whole remain one of the least understood plant groups with respect to 
their ecology.  This is due to the fact that many important aspects of their life histories, 
especially those concerning the gametophyte stage, are cryptic and still largely unknown.  
Knowledge of the fern gametophyte is essential to understanding fern ecology and 
reproductive biology, and gametophyte morphology has been used in determining 
systematic and phylogenetic relationships as well (Pryer et al., 1995).  Despite its 
unquestionable importance in these areas, the gametophyte is too often the neglected 
generation in studies of fern biology (Dassler and Farrar, 1997).  
Because of the difficulty of collecting field-grown gametophytes and the relative 
ease of collecting spores, most fern gametophyte studies to date have been conducted in 
the laboratory with cultured gametophytes.   Consequently, most of what we do know 
about fern gametophyte development, morphology, physiology and sexuality is based 
primarily on what has been observed in laboratory populations.  All of the studies on lab-
cultured gametophytes make one critical assumption: that the characteristics and 
processes observed in the laboratory are an indication of what occurs in nature.   
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However, there have been very few combined field and laboratory studies to test this 
assumption. And, there has been some speculation that conclusions drawn from culture 
studies may, in fact, not be representative of natural gametophyte populations, especially 
with regard to reproductive biology (Ranker and Houston, 2002).   Are the results from 
media-cultured gametophytes applicable to field-grown gametophytes?  Are the patterns 
and processes observed in the laboratory truly indicative of what is happening in natural 
systems?  Answering these questions is the focus of the studies reported here. 
 Ranker and Houston (2002) found that lab cultured populations of Sadleria 
gametophytes exhibited significantly different sex ratios than those observed in natural 
gametophyte populations.  Populations in the wild contained many more male 
gametophytes than did lab cultured populations.  Because ratios of male to female 
gametophytes influence breeding systems and probability of successful reproduction, 
these results suggest that laboratory studies may be flawed predictors of natural 
reproductive systems.   
If true, the relevance of results from typical agar-media culture studies should be 
questioned.   A number of differences exist between the growth conditions of laboratory 
and field, including mineral nutrient agar vs. natural soil.   A less obvious difference is 
the process of spore introduction onto the substrate.    In this study we postulate that the 
discrepancy in sex ratios in lab and field populations observed by Ranker and Houston 
could result from the different methods of spore inoculation in the two systems.   We 
examined the possibility that a greater duration of spore deposit and germination in 
natural populations can produce a higher ratio of male gametophytes. 
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In laboratory cultures, all spores are typically sown onto a uniform surface of 
agar-solidified media in a single sowing event.   These spores germinate at approximately 
the same time and, because the media surface is homogeneous, all gametophytes are of 
the same age and have approximately the same initial growth rate.   In natural populations 
spore release from individual fronds extends over a period of time (Peck, Peck and 
Farrar, 1990 and Farrar, 1976).    Consequently spores contributing to a natural 
population can arrive over a period of time and the resulting gametophytes may not be 
even-aged.  This is especially true in tropical systems where sporophytes of many species 
produce and release spores nearly all year long.   The resulting populations can contain a 
mixture of gametophytes of different ages, the younger subject to influences from the 
older.  Further contributing to the heterogeneity of the natural populations is the likely 
heterogeneity of the substrate both physically and nutritionally which may differentially 
influence growth rates and development.   
  Many species of homosporous ferns have an antheridiogen system that allows the 
gametophyte population to increase out-crossed production of sporophytes (Raghavan, 
1989).  In this system the most rapidly developing gametophytes become female 
(archegoniate), and early in their development (usually at attainment of an apical notch) 
begin to produce and secrete a pheromone called antheridiogen.  This pheromone causes 
gametophytes in a less advanced stage of development (those that grew more slowly or 
are a result of later spore arrival) to develop into male (antheridiate) gametophytes.  The 
antheridiogen system helps to ensure that the female gametophytes in a population will 
have adequate male gametophytes producing sperm to fertilize their eggs and 
simultaneously promotes a system of out-crossing.   
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 When spores are all sown onto a uniform surface of agar media at one time and at 
appropriate density (e.g. 1-5/cm
2
), the antheridiogen system cannot operate at maximum 
efficiency because all of the spores germinate at once, grow at approximately the same 
rate and all (or most) develop into female gametophytes (if they become developmentally 
committed to become female before the concentration of antheridiogen in the medium is 
sufficient to promote male gametophyte development).  However, if spore sowing is 
staggered over a period of time, as it is likely to be in nature, the antheridiogen system 
may operate more effectively, the younger gametophyte being susceptible to 
antheridiogen already in the substrate.  Our hypothesis is that staggered sowing will more 
closely mimic a natural system.   
 In this study we staggered spore sowings, increasing the period of time between 
sowings up to ten days, then examined sex ratios in the cultured populations to determine 
whether the sex ratios in populations developed from multiple sowings show an increase 
in maleness reflecting the increased proportion of male gametophytes found by Ranker 
and Houston in field studies. 
 As stated above, it is possible that the heterogeneous substrate of natural 
populations, relative to the customary homogeneous surface of the agar medium used in 
laboratory studies, may also affect the sex ratios of the resulting gametophytes.  In the 
field, the surface of the growth medium for the gametophyte populations would not be 
entirely flat and homogeneous.  Instead, it could have hundreds of tiny hills and valleys, 
creating an array of different microenvironments.  In addition to affects on light and 
nutrient availability, these hills and valleys could potentially influence the distribution of 
antheridiogens.   We tested this hypothesis by creating heterogeneous agar surfaces and 
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comparing sex ratios of populations developed on these surfaces to controls. We also 
compare these ratios to those developed on flat and heterogeneous soil surfaces in the 
laboratory.   
 
Figure 1:  Photographs of Pteridium aquilinum populations produced using staggered sowings.  
These photographs are from a preliminary experiment conducted to determine how quickly the 
antheridiogen produced from the first sowing gametophytes begins to affect the gametophytes 
produced from the second sowing.  A = Day 1, Day 1 control;   
B = Day 1, Day 10; C = Day 1, Day 20; D = Day 1, Day 30.  It is clear from these photographs 
that with a difference in sowings of as little as 10 days, there are already effects of antheridiogen 
observed.  All photographs were taken 45 days after the first sowing.   
 
Materials and Methods: 
 Spores arriving at a given site in nature that are sufficiently dense to interact in 
population dynamics are likely to have been produced by different fronds on different 
plants, but could originate from a single frond.  In order to estimate a minimal time 
period over which to sow spores into a simulated mixed age population, we observed 
spore release of three common species of tropical ferns (Thelypteris kunthii (Desv.)C.V. 
Morton, Thelypteris dentate (Forsskal) E.P. St. John, and Cyrtomium falcatum (L.f.) 
C.Presl) in a greenhouse setting by counting daily the number of unopened sporangia 
remaining on a given frond.  In these species spores were released from a single frond on 
the sporophyte for up to three weeks.  Although most spores were released within one 
week, many spores were still on the fronds after three weeks.  We conservatively 
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concluded that spores in the lab could be sown over a period of ten days to simulate a 
natural system with spores arriving from a single frond.  (Preliminary experiments over a 
longer period revealed that by day 10 a change in sex ratios was evident, Figure 1).    
Petri dishes containing agar media prepared with Bold’s mineral nutrients plus 
Nitchi’s micronutrients +Fe (Farrar, 1974) were used to culture gametophytes of 
Pteridium aquilinum (L.) Kuhn.  The petri dishes were 8.5 cm in diameter and 2.3 cm 
deep.  Cultures were grown in laboratory conditions with ambient laboratory 
temperatures, under constant 24-hour fluorescent lighting.   After initial sowings were 
completed, the plates were placed under 24 hour fluorescent lighting of about 3200 lux 
intensity and constant ambient room temperature (21 degrees Celcius).   
To distinguish gametophytes produced by the first sowing from those produced 
by the second sowing, a portion of the plate was covered with strips of filter paper 
(approximately 1 cm by 4 cm in size) during the first sowing which were then removed to 
produce a clean area of the plate which would receive only spores from the second 
sowing.   
 All first sowings were completed on Day 1 of the experiment. Second sowings of 
spores were added to the plate on days 1 through 10.  The control plate had both sowings 
completed on the first day, thus being an example of the “typical” laboratory sowing of 
spores where all spores are inoculated in one mass sowing.  All spores were added to the 
plates using a “perforated envelope” method.  In this method, spores are stored in a 
sealed glycine envelope.  Several small holes are made in the envelope using a small 
diameter insect pin (0.45mm diameter) which provides holes large enough to release 
spores, but too small for sporangia and other plant fragments to pass through.  The 
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envelope is then held over the petri dish and is tapped lightly to discharge spores onto the 
surface of the agar medium.  This method allows determination of density through the 
number of taps given to the envelope.  With practice, using the same number of taps 
yields roughly the same spore density on all of the plates.   For this experiment, we 
sowed half of the desired end density of spores onto the plate on day 1 and the other half 
of the spores in the second sowing.  Areas receiving a single sowing contained 
approximately 1-5 spores/cm
2
, those receiving a second sowing, approximately twice that 
density.   
 Cultures were maintained for 45 days at which time gametophytes from all 
sowings were sexually mature.   Gametophytes were then harvested from the plates and 
the sex ratio for the population of gametophytes was determined.  All gametophytes (75-
140 plants) inside the strip areas (covered by filter paper strips during the first sowing) 
were removed and their sex recorded.  Approximately twice the number of gametophytes 
outside the strips (which included gametophytes resulting from both sowings) were 
harvested randomly using a grid taped to the bottom of the petri dish.   The nearest 
gametophyte to an intersection on the grid was harvested and its sex recorded.   
 In order to make sure that use of the filter paper itself was not affecting the 
growth of the gametophytes in any way, we applied strips to the agar surface of test 
plates, left them for a period of time comparable to the time it to apply the second sowing 
of spores onto the experimental plate, then removed the strips and sowed spores onto the 
plates.  Gametophytes inside and outside the strips were compared for growth rate and 
sex ratios.   Spores were also sown on control plates that had no exposure to the filter 
paper strips.  The sex ratios of all populations were then compared to determine whether 
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the strips had an effect on the development and sex differentiation of the gametophyte 
populations.   
To test whether heterogeneity of the surface affected development, we used the 
same agar medium but altered its surface.  First, we cut triangular strips of agar from agar 
plates and carefully placed these strips onto the top of other plates with a flat agar 
surface.  The strips provided areas of the plate that had steep slopes, between flat peaks, 
and valleys.  The second treatment involved stirring the agar medium within the plates 
after it had solidified so that the surface more closely resembled an uneven soil surface.   
We also wanted to determine if gametophytes would respond differently to agar 
medium than they would to a soil medium.  To test this, we wanted to make sure that we 
could achieve a soil surface that would be as flat as possible to match that of an agar 
surface.  To do this the soil was sieved through a size 100 soil sieve and the soil particles 
were mixed with deionized water in order to make a slurry.  This slurry was poured into 
petri plates and they were left to dry (leaving a smooth surface).   When the soil medium 
was sufficiently dried, half of the plates were left with a homogeneous flat surface and 
half of the plates were stirred so the media had a heterogeneous surface.  Spores of 
Pteridium aquilinum were sown onto the plates and the resulting gametophytes were 
allowed to mature for 45 days.  Because the soil medium did not hold as much moisture 
as the agar medium, the soil plates were watered weekly to keep them from drying out.   
Statistical analysis of the results were conducted using the SAS GLIMMIX 
procedure, using the Logit Link and assuming binomial data.  The GLIMMIX procedure 
is used to analyze general linear mixed models with random effects.  
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Results: 
 Results of the multiple sowings experiment were determined from observations 
on a total of 1471 gametophytes from ten treatments.  All gametophytes harvested were 
mature (sexual).  Gametophytes from each treatment were separated into two categories: 
(1) combined sowings (those collected from outside the strips) and (2) second sowing 
only (those collected from inside the strips).  Results showing sex ratios as a function of 
time between sowing are presented in Table 8 and Figures 4 and 5.    
 
Treatment 
Day1, 
Day1 
Day1, 
Day2 
Day1, 
Day3 
Day1, 
Day4 
Day1, 
Day5 
Day1, 
Day6 
Day1, 
Day7 
Day1, 
Day8 
Day1, 
Day9 
Day1, 
Day10 
Combined 
Sowing                     
Total Number  207 162 162 227 162 162 179 162 163 234 
% Male  29.23 33.5 38.75 38.53 38.7 35.5 49.07 43.05 43.5 43.23 
% Female  67.6 65.15 60.67 59.32 61.14 63.89 50.38 55.27 56.7 55.09 
% Bisexual  3.03 1.4 0.55 2.13 0 0.55 0.63 1.65 0 1.57 
                      
Second Sowing 
Only                     
Total Number  113 75 75 140 75 75 139 75 75 128 
% Male  42.4 46.7 56 60.75 77.3 77.3 75.25 84 88 71.8 
% Female  55.65 52 44 37.77 22.67 22.67 23.2 16 12 28.19 
% Bisexual  1.97 1.33 0 1.55 0 0 1.55 0 0 0 
 
Table 1:  Effect of a second, delayed sowings on sexual expression in gametophytes of Pteridium 
aquilinum.  Combined sowing samples include gametophytes from both sowings intermixed.  
Second sowing only samples are from strips adjacent to combined sowings that were covered 
during first sowing.   
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Pair-wise Comparisons Estimate P-Value Confidence Interval 
Day 1, Day 1 to Day 1, Day 4 -0.1878 0.1157  -0.4242 to 0.04857 
Day 1, Day 1 to Day 1, Day 7 -0.5645 <0.0001  -0.8136 to -0.3154 
Day 1, Day 1 to Day 1, Day 10 -0.5994 <0.0001  -0.8440 to -0.3548 
Day 1, Day 4 to Day 1, Day 7 -0.3767 0.0014  -0.5969 to -0.1565 
Day 1, Day 4 to Day 1, Day 10 -0.4116 0.0005  -0.6297 to -0.1935 
Day 1, Day 7, to Day 1, Day 10 -0.03489 0.7604  -0.2653 to 0.1955 
 
Table 2: Statistical analysis of pair-wise comparisons of the treatments testing percent of male 
gametophytes, using GLIMMIX procedure.  Day1,Day1 compared to Day1,Day4 and Day1,Day 
7 compared to Day1,Day10 do not show significant differences between the percentages of male 
gametophytes in their populations.   
 
Table 1 and Figure 2 show sex ratios in gametophyte populations resulting from 
two staggered spore sowings and from single delayed sowings adjacent to older 
gametophytes.  All sowings showed strong differentiation in male or female 
gametophytes with few (usually <2%), becoming bisexual.  For gametophytes harvested 
from the area of the plates that had combined sowings (first and second sowing), the 
percentage of males reached a high of 49% in populations with sowings staggered by 7 
days, then reached a plateau at about 43%.    
  For gametophytes harvested from the strips that contained only the second 
sowing, the percentage of males in the population increased, to a high of 88% in the 
population with sowings staggered by 9 days.  The percentage of females in the second 
sowing strips concomitantly decreased to a low of 12%.  The lower gradient in sex ratios 
in the combined sowing may reflect greater difficulty of observing small male 
gametophytes in the presence of large female gametophytes from the first sowing, and 
thus greater probability of selecting a larger female plant in the sampling process.   
Steeper gradients of change in the sex ratios in second sowing only populations is 
probably a more accurate reflection of the susceptibility of young gametophytes to an 
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increasing concentration of antheridiogen in the medium and indicates that the increasing 
numbers of males in combined sowings are being recruited from the second spore 
sowing.   
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Figure 2:  Comparison of percentage of male gametophytes of Pteridium aquilinum in 
populations from the second sowing with those of mixed age (derived from two staggered 
sowings).  D1,D1 = both sowings on day 1; D1,D4 = second sowing on day 4; D1,D7 = second 
sowing on day 7; D1,D10 = second sowing on day 10.   
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Figure 3:  Effect of filter paper strips on sexual differentiation in Pteridium aquilinum.  Inside 
Strip = area of agar substrate to which a strip of filter paper had been applied, then removed.   
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Results for the heterogeneous surface experiment were determined from a total of 
758 gametophytes (233 from strips media and 525 from stirred media).   Results showing 
the population sexual development as a function of surface treatment are presented in 
Figure 4.   
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Figure 4:  Average percentages of male, female and bisexual gametophytes from three treatments 
(the strips treatment, stirred treatment, and control treatment).   
 
 
 Figures 4 and 5 show that stirring the agar medium (thus producing a 
heterogeneous growing surface) increased the number of males produced relative to the 
flat-surfaced control.   
Results showing the differences between a heterogeneous soil surface and a flat 
agar surface are shown in Figure 5 and Table 3.   Figure 4 shows that the highest 
percentage of males produced was in the population grown on stirred soil and the lowest 
percentage of males produced was in the population grown on flat soil (though there was 
little total differentiation among the three populations).   
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Figure 5:  Population sex ratios of populations of Pteridium aquilinum gametophytes grown on 
two soil treatments (both even and uneven surfaces) and on the control (flat nutrient agar) 
treatment. This graph shows that the highest percentage of males produced was in the population 
grown on stirred soil and the lowest percentage of males produced was in the population grown 
on flat soil (though there was little total differentiation among the three populations).   
 
 
Pair-wise Comparisons Estimate P-Value Confidence Interval 
Flat Agar to Flat Soil 0.3242 0.0264 0.04666 to 0.6017 
Flat Agar to Stirred Agar -0.3434 0.0121 -0.5937 to -0.09299 
Flat Agar to Stirred Soil 0.08135 0.4707 0.1604 to 0.3231 
Flat Soil to Stirred Agar -0.6675 0.0006 -0.9681 to -0.3670 
Flat Soil to Stirred Soil -0.2428 0.095 -0.5363 to 0.05061 
Stirred Agar to Stirred Soil 0.4247 0.0054 0.1568 to 0.6926 
 
Table 3:  Statistical analysis of pair-wise comparisons of the treatments testing for differences in 
the percentage of male gametophytes in the population, using the GLIMMIX procedure.  
Comparing flat agar to flat soil resulted in significant differences in the percentage of males in the 
populations.  
 
 
Discussion: 
 
 The antheridiogen of Pteridium aquilinum has been well characterized showing 
the accumulation of an antheridium inducing pheromone (antheridiogen) in the culture 
substrate.  Gametophytes producing antheridiogen are themselves resistant to its effects 
and differentiate into female plants, but younger gametophytes not yet having attained 
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resistance are induced to become males.  Antheridiogen systems are assumed to act 
similarly in laboratory and field populations (Chiou and Farrar, 1997 and Greer and 
McCarthy, 1997).     
As the number of days between spore sowings in our experiments increased, the 
amount of antheridiogen present at the time of the second sowing should increase, up to 
the point where all plants from the second sowing should mature into male gametophytes.    
In order to observe the second sowing more easily, we designed the experiment to 
have areas in the plate that were covered during the first sowing so that they would 
contain only spores from the second sowing.  This allowed us to follow a set of spores 
from the second sowing only and determine if there was indeed an increase in the number 
of males in the population due to an effect of the antheridiogen.  
In our sampling of plants from second sowing only the percent of these plants that 
became males sharply increased, reaching 88% at 9 day staggered sowings.  It is not clear 
why some of these plants still became female but it is clear that a second cohort of spores 
germinating only a few days after a first cohort have a much elevated probability of 
producing male gametophytes.  This elevated percentage of males is also reflected in the 
combined sowing although we suspect that because of this small size and the difficulty of 
finding them under large female plants, the number of male plants was under-sampled.  
These questions notwithstanding, it seems likely that staggered spore sowings, as might 
be expected in nature, could account for differences in sex ratios between laboratory and 
field grown gametophyte populations of species possessing an antheridiogen system or 
other ability of older plants to affect the development of younger plants.   
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To have an equal density of spores sown onto the plates at the end of the second 
sowing, the first sowing included half of the total amount of spores desired, with the 
second half was applied during the second sowing.  The less dramatic increase in the 
percentage of males in the mixed age population may also reflect a compromising density 
effect.  When sowing both sets of sowings on the same day, the effective density is at a 
maximum because all of the gametophytes are the same age, grow at approximately the 
same rate, and mature at about the same time.  Previous studies have shown that an 
increase in population density can also increase the number of males in a population.  As 
the number of days between sowings increases, the effective density decreases, causing 
the gametophytes from the first sowing to produce fewer males and more females.  Thus 
as rising antheridiogen levels induced an increase in males in the second sowing, 
decreases in effective density of the first sowing lowered the number of males in that 
cohort of gametophytes.   
Another possible cause for the increased proportion of male gametophytes in 
“second sowing only” populations could be an effect of placing a filter paper strip on this 
portion of the petri plate during the first sowing.  Tests of this possibility showed a 
decrease in the percentage of male gametophytes on agar from which filter paper strips 
had been placed, then removed.  Thus the increase in percentage of males observed in 
second sowing gametophytes is not due to any chemical or physical effect of the filter 
paper.  In fact, this increase might have been dampened somewhat by the method used to 
create a second sowing only population.   
The data collected in these experiments suggest that in species possessing an 
antheridiogen system, the percentage of male gametophytes is likely to be elevated in 
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populations with mixed age structure.  Laboratory studies of fern gametophytes are 
almost always conducted on gametophytes resulting from a single application of spores 
onto agar plates.  However, in the field, spores are very likely to fall in a given location 
on more than one day.  Indeed, they are likely to fall over a series of days, or even weeks.  
Thus it is probable that mature and maturing gametophytes resulting from earlier 
discharges of spores are already present in the population where new spores reach the 
area and new gametophytes are recruited into the population. Our data indicates that this 
complex age structure can directly affect the sex ratios in the population, likely resulting 
in an increased proportion of male gametophytes relative to gametophyte populations 
which are a result of a single sowing of spores.   This mixed age population effect is 
consistent with the increased proportion of male gametophytes in wild vs. laboratory – 
grown populations of Sadleria reported by Ranker and Houston (2002).  
Their observations and our experiments suggest that sex ratios observed in 
populations of fern gametophytes grown in laboratory cultures from single-event spore 
sowings on homogeneous media may be misleading indicators of sex ratios of the same 
species in nature.   
The heterogeneous surface experiments were completed to determine if the 
surface of the media on which the gametophytes were grown affected the sex ratio of the 
resulting gametophyte population.  Two types of media were tested (agar media and soil 
media).   The surface of the media was altered to provide a heterogeneous surface which 
may have produced differences in light availability, moisture, humidity, and gravity on 
the gametophytes.  Plates with altered (heterogeneous) surfaces are more like natural soil 
surface conditions in the field.    
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In the study focused on agar medium, it was clear that the plates that were stirred 
to create a very heterogeneous surface with lots of tiny hills and valleys; mountains and 
peaks resulted in a population that had a significantly higher number of male 
gametophytes.  The study focused on soil growth medium did not show a marked 
increase in the number of males between the flat (homogeneous) surface and the stirred 
(heterogeneous) surface.  But, in both of the soil treatments, the percentage of males in 
the resulting populations was greater than those of the treatments in the heterogeneous 
surface agar treatments.   
The heterogeneous experiments provided the gametophyte populations with a 
substrate surface that more accurately reflects the growing surface found in nature.  
Spores floating throughout the air land on all types of surfaces in nature.  It is only when 
a suitable surface is encountered that the spore will germinate and develop in to a 
gametophyte.  It is a random process that determines where the spore lands and what type 
of micro-habitat it will encounter.  While the simulated surfaces in the laboratory did not 
contain the broad range of potential habitats possible in nature, there was apparently 
enough differentiation present to affect the gametophyte population’s sex ratios.  The 
increase in male gametophytes in the populations on heterogeneous surfaces suggests that 
a non-flat surface causes a slight delay in the germination of some spores, resulting in an 
increase in the exposure of the slower-germinated spores to antheridiogen, thus 
increasing the number of male gametophytes in the population.   
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Chapter 3 
Morphological comparison of field-grown and  
laboratory-cultured fern gametophytes. 
 
Introduction: 
Sexually reproducing ferns and other pteridophyte groups are unique among land 
plants in possessing two independent, free living generations, a large, diploid, spore-
producing “sporophyte” and a small, haploid, gamete-producing “gametophyte”, the 
latter in most cases being fingernail-sized or smaller.  The study of fern gametophytes is 
one of major importance to the understanding of the organism as a whole.  This stage of 
the fern life cycle is responsible for the breeding behavior of the organism as well as the 
determination of where the sporophyte stage of the life cycle will establish. 
Despite its importance to the understanding of the biology, ecology, and evolution 
of the fern, the gametophyte generation has been under-studied in its natural habitat.  
Gametophytes have been the subjects of a considerable amount of study in laboratory 
cultures, but very little investigation has been conducted in the field with wild-grown 
gametophytes.  This is undoubtedly due in large measure to the difficulties field 
investigations pose.  It is also due, in part, to early views that considered the gametophyte 
phase too “plastic” in its development to be worthwhile studying for fern systematics 
(Bower, 1923). 
However, Alma Stokey and her student, and subsequent colleague, Lenette 
Atkinson, conducted numerous studies looking at vast numbers of fern gametophytes, 
enabling them to determine that fern gametophytes did indeed have characters that were 
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stable within families and genera (Stokey and Atkinson, 1964).  This meant that fern 
gametophytes could be useful in determining phylogenetic and systematic relationships, 
and gametophyte characters have been included, to a limited extent, in recent 
phylogenetic studies (Smith et al., 1995).   Since the time of Alma Stokey’s work, 
additional researchers have delved into the world of fern gametophytes (Raghavan, 1989, 
Cousens, 1981, Nayar and Kaur, 1964, and others) and have greatly increased our 
knowledge of fern gametophyte morphology and development.  Still their descriptions, 
illustrations and conclusions have been based almost exclusively on gametophytes grown 
in the laboratory.  Consequently, the question “do wild, natural gametophyte populations 
express the same morphological characters and show the same trends that we observe in 
the laboratory?” still remains.     
In this paper we developed methods for overcoming problems that have proven to 
be roadblocks to the study of field-grown gametophytes and collected data for the 
purpose of comparing field and laboratory cultured gametophytes.  We wanted to 
determine if there are important differences in development or morphology that would 
limit the applicability of laboratory data to species or generic descriptions used for 
systematic or ecological purposes.   Because most of the information we have about fern 
gametophytes has been obtained from gametophyte populations grown in a laboratory 
(often on translucent agar medium), we felt it important to determine whether that 
information is equally applicable to wild gametophyte populations.   
There have been a small number of researchers who have chosen to work on fern 
gametophytes in the field, but the data are limited and there have been no direct 
comparisons between field and laboratory grown gametophytes.  Past field studies have 
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included spore dispersal and gametophyte population studies (Peck et al., 1990, Cousens, 
1981, and others), identification and investigation into the origins of tropical disjunct 
independent gametophytes in the Appalachian mountains (Farrar, 1998 and Farrar, 1990), 
and studies determining the significance of gametophyte growth form (Dassler and 
Farrar, 1997).   All of these studies have provided valuable information on fern 
gametophytes in their natural habitats, but, have done little to provide direct comparisons 
of field-grown gametophytes to laboratory-grown gametophytes.   To justify continued 
study gametophytes in the laboratory, we need to know how laboratory conditions affect 
their growth, population sex structure, and morphology. 
It is easy to understand why researchers choose to examine gametophytes in the 
laboratory instead of studying them in the field.   Finding gametophyte populations in the 
field is a difficult (and often messy) job.  Although they can be found in seasonally dry, 
temperate habitats (Farrar, 1974 and Peck et al., 1990) the easiest place to find fern 
gametophytes is where there are large numbers and high diversity of fern sporophytes in 
a habitat of high persistent moisture, i.e. a tropical rainforest.  Within a rainforest, it is 
relatively easy to find fern gametophytes.  They can be found on tree trunks, in bryophyte 
mats, on rocky outcroppings, on tree fern stems, and on exposed soil from tree falls and 
trail cuts.   
The easiest way to locate fern gametophyte populations in the wild is to locate 
relatively newly exposed soil.  Often soil that has been exposed by tree falls and road or 
trail cuts is covered with fern gametophytes in a short amount of time.  Here there is less 
competing vegetation to obscure the view of the gametophyte populations, allowing 
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careful analysis of the gametophyte populations and methodical collection of 
gametophytes. 
Once a population of gametophytes has been located, there are still obstacles to 
overcome; determining whether or not the population consists of one or several species, 
and identifying these species.  The high diversity of ferns in the tropics makes it easier to 
find gametophytes, but it also makes it much more difficult to find single-species 
populations and to identify the species.  Additional challenges include determining the 
method of sampling from the population: how to collect and preserve fern gametophytes 
so they can be examined under a microscope; how to assure that your sample is 
representative of the whole population.  Although these problems do substantially 
increase the difficulty of studying fern gametophytes in the wild, it is possible to work 
around these issues to obtain reliable data from natural gametophyte populations.    
Peck (1980) traced sporophyte developmental stages from 1
st
 juvenile leaf to 
mature frond in order to use juvenile sporophytes as an aid in gametophyte population 
identification along with distinctive morphological characters of the gametophytes.  In 
this paper we describe these and other methods for field study of fern gametophytes.   
The primary goal of this paper is to address the issue of which morphological 
characters of gametophytes observed on laboratory-grown plants accurately reflect the 
morphology of field grown plants, and which characters, if any, are plastic and more a 
reflection of growth conditions than of innate, genetically determined characters.   
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Materials and Methods: 
Identification of gametophyte 
Identification of most fern gametophyte populations in the field was aided by 
presence of young sporophytes at various ages that could be traced through development 
to stages old enough to possess mature frond characters.  These then were checked 
against mature sporophytes in the neighborhood of the gametophyte population.  Finding 
juvenile sporophytes still attached to gametophytes in the population provided the best 
evidence of the identity of the population.  A series of ages of young sporophytes in the 
population allowed following the progression of sporophytes to smaller and smaller 
plants, eventually finding some still attached to their gametophytes, and then 
extrapolating to gametophytes with no sporophytes attached but with the same 
morphological characters.   Only gametophyte populations whose identity could be 
determined with confidence through this process were included in the study.  
Gametophytes of some species, once identified by this process, were so distinctive (eg. 
Marattia, Lomariopsis, Vittaria) that they could be identified subsequently in absence of 
juvenile sporophytes. 
Gametophytes also occur in mixed species populations.  If sporophytes of two or 
more species were present within the population it became more difficult to determine the 
identity of the gametophytes without attached sporophytes.   If gametophytes of each 
species possessed distinctive morphological characters, it was possible to separate them 
by species (at least for the larger female gametophytes) under microscopic examination, 
very young gametophytes and small male gametophytes were sometimes nearly 
impossible to identify.   
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Published descriptions of the gametophytes of species and genera (eg. Nayar and 
Kaur 1971) were used to aid recognition of genera-specific morphological characters.  
The greater the number of species in the population, the harder identification became.  
This task was often impossible to accomplish in the field alone, and microscopic 
examination was necessary to determine whether field collections could be used for the 
study.   Species within a genus often have indistinguishable gametophytes (Peck et al., 
1990).  Mixed populations of indistinguishable species were discarded or compared only 
at the generic level.  
 
Collection of gametophytes   
Field gametophytes were collected in areas typical for fern gametophytes in 
tropical rainforest systems.  Several gametophyte populations were collected from newly 
exposed soil from road cuts or trail cuts through the forest.  Some populations were 
collected from bryophyte mats on decomposing wood, from tree trunks, from the trunks 
of tree ferns, and even from twigs and bryophyte mats in the forest canopy (accessible 
due to tree fall).   
Because fern gametophytes are so small, it was not possible to conduct a 
population census or observation of microscopic morphological characters in the field.  
Gametophyte populations considered usable for the study were collected and transported 
back to the laboratory where they could be studied under a dissecting microscope.  
Gametophytes were collected by removing a thin layer of the substrate and placing it into 
a seal-able plastic bag.   Because of the need to keep the substrate in one piece as much as 
possible, as large a piece of substrate as possible was taken.  Hand-picking gametophytes 
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from the substrate was not preferred because of the probability of missing very small 
(often male) gametophytes in the population.  The goal was to collect a large number of 
gametophytes from the population and to collect a sample that was representative of the 
entire population.  The piece of substrate removed from the population was a piece 
representative of the highest density of gametophytes in the population.  This was done to 
ensure the largest sample size possible and a reflection of the maximum interaction 
among gametophytes.   
Photographs of the populations were taken for reference and an estimate of the 
population density was recorded.   In the laboratory additional notes were taken on the 
collected gametophyte populations, then individual gametophyte plants were removed 
from the substrate, cleaned, and mounted onto glass microscope slides for preservation 
and further study.  Gametophytes were cleaned in water to remove soil particles and other 
miscellaneous debris from the rhizoids.   Gametophytes were mounted in a gelatin-based 
preservative on glass slides using a method developed for the preservation of bryophytes 
(Zander, 1997). 
 
Spore Collections and Culture 
 Vouchers of corresponding sporophytes were collected in the field and spores 
were collected from these sporophytes.  Sections of sporulating fronds were placed inside 
sealed glycine envelopes, dried at room temperature to encourage spore release, and 
placed in a refrigerator until needed.    Gametophytes were grown on nutrient agar 
containing Bold’s macronutrients (Bold, 1957), Nitsch’s micronutrients (Nitsch, 1951), 
and ferric chloride (Farrar, 1974) solidified at 0.7% agar and were kept under constant 
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light at 3200 lux intensity (fluorescent lighting) and ambient laboratory temperature (21 
degrees Celcius).  The gametophytes were grown in deep 15 x 1.5 cm petri plates. The 
resulting gametophytes were allowed to mature, then observed under a dissecting 
microscope, randomly harvested and preserved on glass slides in the same manner in 
which the field gametophytes were preserved. 
 
Field-Laboratory Comparisons 
 Observations of field collected and laboratory-grown gametophytes were 
conducted visually under a microscope.  A series of specific characters were identified 
and observed for these comparisons. 
 
Species Family 
Location 
Collected 
Angiopteris lygodiifolia Marattiaceae Taiwan 
Danaea wendlandii (field only) Marattiaceae Costa Rica 
Dicranopteris lineara Gleicheniaceae Taiwan 
Vittaria anguste-elongata (field only) Vittariaceae Taiwan 
Adiantum latifolium Adiantaceae Costa Rica 
Adiantum petiolatum Adiantaceae Costa Rica 
Cyathea podophylla Cyatheaceae Taiwan 
Histiopteris incisa Dennstaedtiaceae Taiwan 
Dictyocline griffithii var. wilfordii Thelypteridaceae Taiwan 
Diplazium cristatum Athyriaceae Costa Rica 
Dryopteris subexaltata Dryopteridaceae Taiwan 
Elaphoglossum peltatum 
Dryopteridaceae, 
Elaphoglossaceae Costa Rica 
Tectaria subebenea 
Dryopteridaceae, 
Thelypteridaceae Costa Rica 
Asplenium antiquum Aspleniaceae Taiwan 
Blechnum orientale Blechnaceae Taiwan 
Blechnum gracile Blechnaceae Costa Rica 
Campyloneuron brevifolia Polypodiaceae Costa Rica 
 
Table 1: List of species of gametophytes collected, their families, and location of collection.  
Species are arranged phylogenetically based on the taxonomy published by Smith et al. 2006.   
Note that the species studied span a wide variety of families within the ferns. 
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Following is a list of the gametophyte characters that were examined.  Not all of 
the characters were examined for every species--only those applicable to a particular 
species were examined. 
 
1.    overall shape of the gametophyte 
 -filamentous, cordiform, strap-like, ribbon-like 
2.    branching pattern of gametophyte (if branching) 
3.    presence/absence of marginal hairs 
4.    marginal and surface hair structure (single-celled, multicellular,  
       glandular, shape) 
5.    origin and position of hairs on mother cell 
6.    frequency of occurrence of hairs on margin of thallus 
7.    presence/absence of surface hairs 
8.    color of rhizoids 
9.    branching of rhizoids 
10.  position of rhizoids on the thallus 
11.  distance from apical meristem to first rhizoids 
12.  rhizoids on air side of thallus? 
 
13.  width of apical meristem (number of cells) 
14.  presence/absence and position of antheridia and archegonia 
 -on individual gametophyte 
 -distribution in population 
15.  structure of archegonia 
 -number of tiers of neck cells 
 -curvature 
 -number neck canal cells 
16.  structure of antheridium 
 -number antheridial jacket cells 
 -dehiscence or rupture of cap cell 
17.  presence of archegonia and antheridia on air side dorsal (air side) of  
       thallus 
18.  presence/absence of archegonial cushion 
 -size of cushion 
  -number of cells in thickness 
  -width/length 
 -continuous or discontinuous cushion 
19.  distance from apical meristem to first archegonia 
20.  presence/absence of gemmae 
 -morphology of gemmae 
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Results: 
 
Field gametophyte populations of seventeen species were found with sufficient 
abundance and certainty of identification to be included in this study.  Nine of these were 
collected in Taiwan, eight in Costa Rica (Table 1).  Four of these species (Blechnum 
gracile, Tectaria subebenea, Dictyocline griffithii var. wilfordii, and Angiopteris 
lygodiifolia) displayed no differences between laboratory and field-grown gametophytes 
in the characters measured (Table 2).   
Characters presented in Table 2 are a subset of the total number of characters 
examined during the course of this study.  The characters presented in the table are 
characters that are conserved characters and are those of most importance for 
phylogenetic comparisons.   All characters from the original list that are not presented in 
Table 2 showed no significant differences between laboratory and field gametophytes.   
Table 2 displays the differences and similarities for 15 species of gametophytes 
and 10 major morphological characters.  Out of the possible 150 opportunities for 
differences, only 18 differences were noted.  Four species exhibited differences in 
gametophyte outline, three species exhibited differences in rhizoid structure and color, 
one species exhibited a difference in hair structure and color, two species exhibited 
differences in their abundance of marginal hairs, one species exhibited a difference in 
abundance of surficial hairs, one exhibited a difference in antheridial position, and six 
exhibited differences in archegonial position. 
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Angiopteris 
lygodiifolia 23/1 4/1 
          
Dicranopteris 
lineara 87/1 38/1 
          
Adiantum 
latifolium 101/1 82/2 
        K L 
Adiantum 
petiolatum 82/2 74/1 
 E        L 
Cyathea 
podophylla 15/1 39/2 
          
Histiopteris incisa 166/2 59/4  F        L 
Dictyocline 
griffithii var. 
wilfordii 106/3 102/5 
          
Diplazium 
cristatum 35/1 22/1 
 G        L 
Dryopteris 
subexaltata 81/1 27/1 
A          
Elaphoglossum 
peltatum 38/1 11/2 
B          
Tectaria 
subebeana 96/1 27/1 
      I   L 
Asplenium 
antiquum 88/1 53/2 
C          
Blechnum 
orientale 88/1 76/2 
    H I    L 
Blechnum gracile 41/1 63/2           
Campyloneuron 
brevifolia 92/3 42/1 
D     J     
Table 2: Comparison of morphological characters in laboratory and field grown gametophytes of 
the same species. Unshaded boxes indicate characters that were consistent between laboratory 
and field samples. Shaded boxes indicate differences, A. Some cultured gametophytes produced 
elongate projections from the apical meristem (percent observed ~33%), B. Field gametophytes 
were more elongate, strap-like, and branched (percent observed ~82%), C. Some field 
gametophytes were more elongate (percent observed ~57%), D. Field gametophytes were more 
strap-like (percent observed ~66%), E. Rhizoids were darker in laboratory gametophytes (percent 
observed ~85%), F. Rhizoids were darker in field gametophytes (percent observed ~75%), G. 
Some field gametophytes had branched rhizoids (percent observed ~66%), H. Hairs were darker 
in field gametophytes (percent observed ~80%), I. Fewer hairs in field gametophytes (percent 
observed ~80%), J. Fewer hairs in cultured gametophytes (percent observed ~90%), K. 
Antheridia on the “wings” of field gametophyte (percent observed ~16%); at base of thallus 
among rhizoids in the cultured gametophytes, L. Archegonia on dorsal surface of cultured 
gametophytes (percent observed ranged from ~25% to 50%). 
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 Figure 1, Figure 2, Figure 3, and Figure 4 exhibit side by side comparisons of 
laboratory and field gametophyte populations for 5 species.  It can be seen in these 
figures that major differences in morphology are not apparent or observed in all 
gametophytes; most differences are subtle and are not apparent at first glance of the 
gametophytes.  These subtle differences include differences in the color of the rhizoids, 
abundance of surficial and marginal hairs, position of the archegonia and antheridia, or 
more obviously, the overall outline of the gametophyte.  None of the differences were 
observed in all of the gametophytes for a particular species (i.e. not all the Asplenium 
antiquum gametophytes collected in the field were more elongate than their laboratory 
counterparts).   
 
Figure 1: Two hair types in fern gametophytes.  A and B = Tectaria subebeana surficial hairs.  C 
and D = Dictyocline griffithii marginal and surficial hairs.  Notice the differences in hair shape 
and length.  These are two examples of several types of hairs found on fern gametophytes.   
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Figure 2:  Laboratory and field comparisons of Asplenium antiquum.  A and C = laboratory 
cultured gametophytes; B = field grown gametophyte.  There are no major differences noted in 
the comparison of these examples of Asplenium antiquum, though some field examples of this 
species had a more elongated gametophyte outline.  Note the marginal cells in photograph C that 
provide the gametophyte margin with a “scalloped” appearance.   
 
 
 One difference that is notable in the photographs included in Figures 1-4 is the 
coloring of the fern gametophytes and the debris (or lack thereof) in the photograph.  It is 
important to note that both laboratory and field gametophytes were given the same 
treatment at the time of collection and preservation.  Field gametophytes were cleaned as 
well and as carefully as possible, but broken or removed rhizoids are an unfortunate side-
effect of the cleaning process.   Field gametophytes were collected before laboratory 
gametophytes (several months before, in some cases) so the effects of long-term storage 
may be apparent in some gametophytes.  During the process of mounting gametophytes 
onto the microscope slides, the glycerine medium required heating in order to melt into 
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place.  In some cases, heating the gametophyte may have caused some minor color 
changes, especially at the gametophyte margins.   
 
Figure 3:  Side by side laboratory and field comparisons of Blechnum orientale gametophytes.  A 
= field grown gametophyte; B = laboratory gametophyte.   No differences are observed in these 
particular gametophytes, but some of the field gametophytes had fewer hairs than did their 
laboratory counterparts, and some laboratory gametophytes were observed to produce archegonia 
on the dorsal surface of the gametophyte.   
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Figure 4: Side by side comparisons of gametophytes of Histiopteris incisa.   There were no 
morphological differences noted in these particular gametophytes, but some gametophytes 
observed had differences in rhizoid color and some laboratory gametophytes were observed to 
produce archegonia on the dorsal surface of the gametophyte. 
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Discussion: 
 
The gametophytes we studied represented 15 species, 13 genera, and 11 families.  
They ranged from some of the most basal fern families, to some of the most derived fern 
families.  As a result there was a wide range of gametophyte characters to examine and 
these provided us with an opportunity to examine gametophytes from a wide range of 
fern families.   If particular phylogenetic groups of ferns are more susceptible to 
morphological plasticity than others, our sample should have been able to detect it.   
Among the characters examined, there is a hierarchy of potential importance for 
phylogenetic comparisons.  The most important characters are those that are conserved 
within species or genera, e.g. growth form, hair structure, rhizoid position, gametangial 
structure, gametangial position on the thallus, and mode of dehiscence of the antheridia.  
These characters would, presumably, be the most conservative, genetically determined 
characters that would be expressed by the gametophyte, even under unfavorable growing 
conditions.   
In direct comparisons between laboratory and field gametophyte samples, we did 
record some differences in gametophyte morphology for some species.   Four of the 15 
species showed differences in gametophyte outline, one species showed a difference in 
hair structure and color, two species showed differences in abundance of marginal hairs, 
one species showed a difference in the abundance of surficial hairs, one species showed a 
difference in antheridial position, and six species showed a difference in archegonial 
position.   Some of these are differences observed in the characters we had expected to be 
conservative characters, however, the differences observed are mostly quantitative rather 
than qualitative characters.   
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For those species that exhibited differences in surficial and marginal hair 
abundances, the field gametophytes tended to have fewer hairs than did their laboratory 
grown counterparts.  The gametophytes still had hairs, just not quite as many.  It is 
possible that during the collection of the gametophytes from the field, the hairs were 
inadvertently removed.  It is also possible that invertebrate activity on fern gametophyte 
populations in nature could have removed some hairs. 
Several species showed a difference in hair or rhizoid color.  Because color is a 
subjective character, we judged color only as light, medium, or dark brown.  It is possible 
that the color in nature could have been affected by environmental characters such as the 
level of direct sunlight.  Qualitative presence/absence of hairs and position of rhizoids did 
not vary between laboratory and field gametophytes.   
One species exhibited a difference in the position of antheridia on the thallus of 
the gametophyte between the laboratory and field plants.  In this case, some of the field 
gametophytes produced antheridia on the “wings” of the thallus, while in cultured 
gametophytes the antheridia were produced at the base of the gametophyte among the 
rhizoids. 
The morphological character with the highest number of discrepancies between 
the laboratory and the field was that of the position of archegonia on the thallus.  In field 
gametophytes the archegonia were produced exclusively on the ventral (substrate) side of 
the thallus, while six species in laboratory cultures produced archegonia on both the 
ventral (substrate) and dorsal (air) sides of the thallus.   Because of its possible relevance 
to reproduction, factors causing this discrepancy were examined in greater depth.  Results 
are reported in Chapter 1.  
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Because of the way the gametophytes were processed and preserved, some 
characters may have been ‘altered’ slightly.  Field-collected gametophytes often had soil 
clinging to the rhizoids as well as insects and plant debris from their substrate.  
Gametophytes were washed in water and the soil and plant material was picked off using 
fine forceps.  During this process some gametophyte material may have been detached or 
inadvertently removed from the gametophyte in the process of cleaning.  Gametophytes 
grown in the laboratory on agar medium cultures were not subject to this thorough 
cleaning process, as the agar medium kept them clean.   
Field gametophytes of epiphytic species tended to be more elongated and more 
highly branched, possibly due to bryophyte competition that was present in field 
populations but absent from laboratory cultures. Field plants may also have been older 
than the cultured plants.  Gametophytes of many tropical species are perennial and it was 
not possible to determine the age of field grown perennial gametophytes.  Gametophytes 
of many of the species collected in the field may have been much older than laboratory-
grown plants to which they were compared.  Laboratory-grown plants may have had 
insufficient time to develop the long strap-like outline of older gametophytes of some 
species (Chiou and Farrar, 1997).   
In summary of this and earlier analyses, the basic morphological structure of fern 
gametophytes appears to be highly conserved across growth environments. There is little 
suggestion of high plasticity in development or in mature morphology that would 
preclude use of morphological characteristics for gametophyte identification in the field 
or in use of these characters in phylogenetic classification, especially at the level of 
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genus. These studies confirm that, with dedication, fern gametophytes can be found and 
identified, and their biology profitably studied in the field.    
While this study shows that it is certainly possible to conduct direct comparisons 
between the morphology of laboratory gametophytes and the morphology of field 
gametophytes, there are a number of modifications that could provide even more rigorous 
results.  Comparing gametophytes of the same age would remove the potential variability 
in morphology due to age of gametophytes.  This would require finding or creating 
gametophyte populations in the wild that are of known ages, then laboratory populations 
to the same age.   
The species we studied throughout the course of this investigation were all 
tropical species collected in two tropical rainforest areas (Costa Rica and Taiwan).  It 
would be valuable to also examine temperate species of ferns to determine if the same 
similarities and differences are exhibited in temperate gametophytes.  Gametophytes in 
temperate areas are exposed to much greater fluctuation in climate, so there is a potential 
for larger discrepancies when laboratory and field gametophytes are compared.   
Experimental alteration of culture conditions conducted in association with this 
study (see Chapters 1 and 2) further suggest the need to develop methods of culturing 
fern gametophytes in ways that more accurately reflect nature.  This may mean altering 
the growth medium so that it more accurately reflects natural conditions in opacity of the 
substrate, substrate heterogeneity, humidity, light regimes and temperature.   
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Summary and Conclusions 
Comparison of Field and Laboratory-Grown Fern Gametophytes: 
Because of the difficulty of finding and identifying field-grown gametophytes and 
the relative ease of collecting spores and growing gametophytes under laboratory 
conditions, most fern gametophyte studies have been conducted on laboratory-cultured 
gametophytes.  As a result, most of what we know about fern gametophyte development, 
morphology, physiology, and sexuality is based primarily on laboratory-grown 
gametophyte populations.  Laboratory studies have one critical assumption in play: that 
the processes and characteristics observed in laboratory populations are a valid indication 
of what happens in nature.  Few studies, however, have compared laboratory-cultured 
and field-grown gametophytes to test this assumption.  Consequently the possibility that 
data collected in the laboratory may not accurately reflect natural systems persists (e.g., 
Ranker and Houston 2002). 
 In direct comparisons of field- and laboratory-grown gametophytes of the same 
species we have sought to determine which morphological characters remain constant 
across growth conditions. Such characters are presumably genetically determined, 
conserved characters. They form the basis for field identification of gametophyte taxa 
and can be appropriately used for phylogenetic analyses.  To further examine the 
differences we did observe, we then altered culture conditions in attempts to determine 
the causes, especially with regard to sexual development and sex ratios. Results of these 
studies are relevant and must be taken into consideration when studying fern 
gametophyte breeding systems.  
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Morphological Comparison of Laboratory and Field Grown Gametophytes: 
Although Bower (1923) was critical of the usefulness of the fern gametophyte, it 
is fortunate that his early assessment by of the minimal contribution of the gametophyte 
generation to fern systematics did not deter Stokey (1951), Atkinson (1973), Nayar and 
Kaur (1971) and other researchers of the mid-twentieth century from pursuing 
characterization of the development and detailed morphology of nearly all genera of 
ferns.  Examination of this broad array of fern gametophyte types enabled these workers 
to identify a suite of developmental and morphological characters that were constant 
within genera and higher taxa as well as those that differed consistently among taxa. 
These characters, along with juvenile sporophytes, enabled later workers (e.g., Peck et 
al., 1990) to identify natural populations of fern gametophytes for study. However, no 
one (to date) has conducted studies to determine the constancy/non-constancy of 
morphological and developmental characteristics between field and laboratory grown 
gametophytes of the same species across a wide variety of taxa.  
Although gametophytes can be found in seasonally dry, temperate habitats (Farrar 
and Gooch 1975, Peck et al 1990) the best area to study fern gametophytes in abundance 
and diversity requires persistent moisture, i.e. tropical rainforests. Here gametophytes can 
be found on a wide variety of substrates including tree trunks, bryophyte mats, rocky 
outcroppings, tree fern stems, and on exposed soil from tree falls and trail cuts.   
In our field studies, in addition to taxon specific gametophyte characters, 
identification of most fern gametophyte populations was aided by tracing the 
developmental stages of young sporophytes present in the populations to older 
sporophytes that contained mature fronds which could be identified more easily.  Only 
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gametophyte populations whose identity could be determined with confidence were 
included in the study. Field collected gametophytes were cleaned in water to remove soil 
particles and other debris, and were then mounted on glass slides in a glycerol-based 
preservative developed for the bryophytes (Zander 1997). 
Sporulating fronds of the same species were placed inside sealed glycine 
envelopes, dried at room temperature to encourage spore release, and stored in a 
refrigerator until needed for laboratory studies. Spores were sown onto petri plates 
containing Bold’s nutrients plus micronutrients (Farrar 1974) solidified in 0.7% agar.  
Resulting gametophytes were allowed to mature, observed under a dissecting microscope, 
harvested and preserved on glass slides in the same manner as those preserved from field 
studies. Specific characters were identified for these comparisons of field and laboratory-
cultured gametophytes (Table 2, Chapter 3). Shaded boxes in the table identify characters 
that were different to some degree between the laboratory and field samples.   
Comparisons between laboratory and field gametophytes showed far more 
similarities than differences. Basic growth form was conserved as well as structure and 
position in rhizoids, hairs and gametangia. Field gametophytes of epiphytic species 
tended to be more elongated and more highly branched, possibly due to bryophyte 
competition that was present in field populations but absent from laboratory cultures. 
Field plants may also have been older than the cultured plants. The most common 
difference noted was the production of some archegonia on the dorsal side of the thallus 
on laboratory samples, instead of exclusively on the ventral side as in field samples.  
Other differences included density and intensity of color of the rhizoids and hairs 
in some taxa, but other than the degree of rhizoid branching (which could result from 
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greater obstruction of rhizoid growth in field substrates) these were quantitative 
differences.  The differences in densities could have resulted from accidental removal of 
rhizoids in the process of cleaning field gametophytes. Hairs could also have been 
removed in the field due to invertebrate activity or other disturbances in the field.    
 In summary of this and earlier analyses, the basic morphological structure of fern 
gametophytes appears to be highly conservative across growth environments. There is 
little suggestion of high plasticity in development or in mature morphology that would 
preclude use of morphological characteristics for gametophyte identification in the field 
or in use of these characters in phylogenetic classification, especially at the level of 
genus. These studies confirm that, with dedication, fern gametophytes can be found and 
identified, and their biology profitably studied in the field.  
There are a number of areas that would be valuable for further study.  In our 
investigation, there was no way to determine the age of the field populations, since we 
examined pre-existing populations.  It would be valuable to compare laboratory and field 
populations of gametophytes of the same species of like ages in order to determine if age 
of field gametophytes may be playing a role in some of the differences we observed.  
Simultaneous sowing of spores of the same species in laboratory culture and newly 
exposed substrate in the field could eliminate age differences and perhaps yield other 
differences between laboratory and field germinated gametophytes. 
Because of the relative ease of finding and collecting fern gametophyte samples 
from the tropical rainforest, all of our field collections were made in Costa Rica and 
Taiwan.  It would be valuable to conduct a similar study using temperate species.  
Because temperate species are exposed to a much wider range in climate conditions, it is 
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possible that these gametophytes may show different results when compared to 
gametophytes of the same species that are cultured in the laboratory.   
 
Culture conditions and sexual development: 
 Ranker and Houston (2002) reported that laboratory-cultured gametophyte 
populations of Sadleria spp. exhibited significantly different sex ratios than observed in 
natural gametophyte populations.  Their findings showed that the wild populations 
contained a significantly higher proportion of male gametophytes than did the laboratory 
cultured populations. Because ratios of male to female gametophytes influence breeding 
systems, these results suggest that laboratory studies may yield misleading predictions of 
mating systems in nature.   
 A number of differences exist between the growth conditions of laboratory and 
field that could influence sexual development, including mineral nutrient agar vs. natural 
soil as a culture substrate. A less obvious difference is the process of spore introduction 
onto the substrate. We hypothesized that discrepancies in sex ratios between laboratory 
and field populations could result from a greater duration of spore deposit and 
germination in natural populations relative to laboratory cultures.  
 In laboratory cultures, all spores are typically sown onto a uniform surface of 
agar-solidified media in a single sowing event. These spores germinate at approximately 
the same time and, because the media surface is homogeneous, all gametophytes have 
approximately the same initial growth rate. In natural populations spores are released 
from source plants and even individual fronds over an extended period of time (Peck et 
al., 1990, Farrar 1976).  Consequently spores contributing to a natural population can 
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arrive over a period of time and produce populations of uneven-aged gametophytes. This 
is especially true in tropical systems where sporophytes of many species release spores 
nearly continuously over periods of months. The resulting populations can contain a 
mixture of gametophytes of different ages, the younger subject to influences from the 
older via antheridiogen systems.  Further contributing to differences in developmental 
ages of natural populations is the heterogeneity of natural substrates, both physically and 
nutritionally, which may differentially influence growth rates and development of 
individual gametophytes.   
  Many species of homosporous ferns have an antheridiogen system that promotes 
out-crossed production of sporophytes (Raghavan 1989). In this system, when the most 
rapidly developing gametophytes (female gametophytes) attain a certain stage of maturity 
(usually at attainment of an apical notch) they begin to produce and secrete the 
pheromone, antheridiogen, that causes gametophytes in less advanced stages of 
development (those that grew more slowly or were produced by later spore arrivals) to 
initially develop into male (antheridiate) gametophytes. Late arrival of many spores, as 
well as delayed growth due to substrate heterogeneity, should cause an increase in male 
gametophytes in natural populations. 
To test this hypothesis we performed two sequential spore sowings of Pteridium 
aquilinum on mineral nutrient agar cultures, increasing the period of time between 
sowings up to ten days, then examined sex ratios in the cultured populations at maturity. 
Results showed a nearly two-fold increase in the percent of male gametophytes in mixed 
age populations when the second sowing followed the first by 6 days (Figure 1). In 
experiments where the first and second sowing were in adjacent strips (so that they could 
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be analyzed separately) male gametophyte percentages in the second sowing reached 
88%, indicating that the increase in percent males in the mixed age populations was due 
primarily to the antheridiogen effects on younger gametophytes derived from the second 
sowing. 
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Figure 1:  Effect of various treatments on percentage of male gametophytes in laboratory cultures 
of Pteridium aquilinum. Day 1 Day 7 indicates that a second sowing of spores was made in the 
same cultures six days after the first sowing. Approximately the same total number of spores was 
sown into each replicate of each treatment.  Results for the flat agar treatments are an average of 
6 replicates for each treatment; n per replicate = 24 to 30 individuals. Results for the stirred agar 
and soil treatments are an average of 3 replicates per treatment; n per replicate = 20 individuals.   
 
To determine whether a similar effect could result from uneven developmental 
stages induced by a heterogeneous substrate surface, we compared even-aged populations 
developed on flat and uneven agar surfaces (the agar was stirred after solidification to 
produce a heterogeneous surface), and compared these to development on flat and uneven 
soil surfaces in Petri dish cultures. 
 Uneven agar surfaces produced an even greater increase in male gametophytes 
than did sequential sowings (Figure 1). Likewise uneven soil surfaces produced an 
elevated male to female ratio, though not as great as that observed on uneven agar. 
However, flat soil cultures contained significantly higher male to female ratios than did 
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flat agar cultures. Thus it seems probable that uneven-aged developmental ages resulting 
from either heterogeneous substrates or from sequential spore introduction, both as might 
be expected in nature, could produce elevated male to female ratios relative to even-aged 
laboratory cultures.  
 
Light, gravity and humidity effects on archegonial development: 
 The reduced effect of surface heterogeneity in soil cultures vs. agar cultures, the 
increase in percent males in flat soil vs. flat agar cultures, and our observations of the 
anomalous position of archegonia on the dorsal surface of gametophytes in agar cultures 
suggest that additional differences between natural and laboratory-cultured gametophyte 
populations may affect sexual differentiation. 
Humidity, light, and gravity orientation are environmental parameters that can 
also differ sharply in nature from the environment of standard laboratory cultures. Wild 
gametophytes grow in all orientations with respect to gravity, and to some extent with 
respect to light. With regard to light, the more important consideration may be the degree 
of difference in light received between the two gametophyte surfaces. Gametophytes 
growing on a dark, non-reflective surface, as is the usual case in nature, experience a 
much sharper differential than do gametophytes growing on a translucent agar substrate. 
To investigate the effects of light and gravity orientation we grew gametophytes 
of Pteridium aquilinum on an agar substrate in Petri dishes positioned above and below a 
fixed light source and in both normal (right-side-up) and inverted (upside-down) 
orientations with respect to gravity. Gametophytes in all orientations continued to 
produce some archegonia on their morphologically dorsal surface (air side), but 
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significantly fewer when that surface was oriented toward the light source (Figure 2, 
Table 1 Chapter 1). Regardless of orientation, the gametophyte surface facing away from 
the light source produced the greater total number of archegonia, and, on dorsal surfaces 
facing away from the light source, more archegonia were produced on that surface 
whether in normal or inverted orientation with respect to gravity. Gametophytes cultured 
on soil in normal orientation with respect to light and gravity produced very few 
archegonia on the dorsal surface, mimicking those observed in wild soil-grown 
gametophytes.  Together these results indicate that a strong differential in light incidence 
on the ventral and dorsal surface promotes archegonial formation on the ventral surface. 
Production of archegonia on the dorsal surface in agar-grown cultures likely results from 
a lowered differential in light incidence due to the translucence of the medium allowing 
much greater light incidence on the gametophyte’s ventral surface than occurs in field-
grown gametophytes.   
0
10
20
30
40
50
60
High Humidity
Agar
Low Humidity
Agar
Flat Soil Agar Control
Treatment
A
rc
h
e
g
o
n
ia
 p
e
r 
P
la
n
t,
 T
o
ta
l 
a
n
d
 
P
e
rc
e
n
t 
o
n
 D
o
rs
a
l 
S
u
rf
a
c
e
Total # Archegonia
% Archegonia on Dorsal
Surface
 
Figure 2: Effect of relative humidity on archegonia production in gametophytes of Pteridium 
aquilinum.  High humidity = 100%, Low Humidity = approximately 90%.  Results are averages 
of 3 replicates for each treatment; n per replicate = 20 individuals.   
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Gravitational orientation did not exert an overriding effect on archegonial position 
although gametophytes receiving normal orientation of gravity and light produced 
slightly fewer archegonia on the dorsal surface and fewer archegonia overall than did 
cultures with reversed gravity and normal light orientation. Because gametophytes in 
nature grow on substrates of all aspects the minimal effects of gravitational orientation is 
not surprising.   
To investigate effects of humidity on archegonial position and number we placed 
covered Petri dish agar cultures inside a covered 30 x 20 x 10 cm culture box that was 
itself contained within a covered 50 x 25 x 30 cm terrarium. Uncovered Petri dish 
cultures were also placed inside the terrarium but outside the smaller culture box. While 
it was not possible to accurately determine the relative humidity inside the covered Petri 
dish cultures, it was assumed to be approximately 100%. The relative humidity within the 
terrarium was approximately 90%. [Attempts to grow agar cultures at lower relative 
humidities resulted in the agar substrate drying out before gametophytes matured.] 
 Gametophytes in the high humidity cultures produced a large percentage of the 
archegonia (48.7%) on the dorsal side of the thallus whereas the low humidity cultures 
produced very few (1.4%) archegonia on the dorsal surface (Table 3 Chapter 1).  Perhaps 
of greater significance, the total numbers of archegonia produced increased nearly four 
fold in low relative humidity cultures and nearly two fold relative to typical flat agar 
cultures (grown in small culture boxes not within terraria). The total number of 
archegonia produced by low humidity cultures mimicked the results of cultures grown on 
soil. Since it was necessary to add water to the soil cultures periodically to prevent them 
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from drying (whereas it was not necessary to add water to agar cultures) it may be that 
soil cultures experienced lower relative humidities at least part of the time.  
 A unifying theme may explain both the atypical production of archegonia on the 
dorsal surface as well as the lower total numbers of archegonia produced in standard agar 
cultures. Both appear to be induced by lowered light and humidity differentials across the 
gametophyte’s two surfaces relative to that experienced by gametophytes in nature. 
Though relatively simple anatomically and morphologically, fern gametophytes do have 
complex differentiation patterns including establishment of polarities in development 
(Raghavan 1989). It may be that the strong differentials of light and moisture between 
dorsal and ventral surfaces experienced by gametophytes in natural habitats provide 
environmental signals critical to establishment of normal polarity. Incomplete 
establishment of this polarity in agar cultures may disrupt normal differentiation such that 
archegonia are produced in abnormal positions and in overall lower numbers.  
 The series of studies we conducted demonstrates the need for developing a 
method of gametophyte culture in the laboratory that more accurately reflects natural 
growing conditions.   This may mean that the agar growth medium will need to be altered 
so that it is no longer translucent, allowing light to pass through the medium to reach the 
substrate side of the gametophyte.  It may also mean finding a way to alter the humidity 
of the gametophyte cultures, so that there is a difference in humidity between the dorsal 
and ventral sides of the gametophyte (as would be present in nature).  There are a number 
of variables that should be examined to determine if there is a way to culture fern 
gametophytes in the laboratory in a way in which differences between the laboratory 
cultured and field grown gametophytes can be minimized.  The goal would be to allow 
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for more comprehensive studies in the laboratory setting without serious question to the 
relevance of these studies to natural populations.   
Additional experiments may further elucidate the environmental signals and 
physiological responses involved, but it is clear from the experiments we conducted that 
gametophytes grown in standard agar cultures in Petri dishes may yield seriously 
misleading data relative to sexual development of natural populations of fern 
gametophytes. Analysis of breeding systems of fern species based on laboratory data will 
have to take these discrepancies into consideration. 
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